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NOTE

At each meeting of the Pan American Health Organization Advisory
Commattee on Medical Research, a special session is held on a topic
chosen by the Commirtee as being of particular interest. At the Ninth
Meeting, which convened in June 1970 in Washingion, D. C., the session
focused on the problem of nutrition and meigbolic adaptation with an
emphasis on new concepts and experimental approaches for future re-
search in the field of human nutrition. In an cffort to improve com-
munication among biomedical scientists, and extend the usefulness of
the meeting beyond those who attended, the Department of Research
Development and Coordination has published this volume which con-
tains the papers presented and the ensuing discussions.
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OPENING STATEMENT-Morning

Philip P. Cohen, Chairman

In a presentation at the Eighth Mecting of the Advisory Committee
on Medical Research, Pan American Health Organization, last year,
a position supporting the need for a more molecular approach was
outlined as a basis for advancing our understanding of human biology
in health and disease (See Appendix). Particular reference was made
to the need for new concepts and experimental approaches in the area
of nutrition. The position presented was essentially as follows: The
current status of nutritional research indicates that we have today all
the basic knowledge needed regarding essential nutrients but what we
lack is the effective means for application of this knowledge in the
prevention or treatment of primary nutritional disorders. In addition
we lack a meaningful definition of health and what constitutes a
departure from good health, While there is uncertainty as to the
quantitative requirement for one or more nutricnts in one situation
or other, this search for a magic number seems not likely to yield
anything more than a series of quantitative limits which are at best
guidelines for the requirement of a given individual, but are of limited
value as an index of nutritional adequacy—or of good health.

The area of nutritional research which remains to be explored in any
depth has to do with that of regulation of cell function. It is obvious
that in any overall process there will be a ratelimiting requirement
for any essential ingredient of that process, and any level below that
rate-limiting requirement will affect, perhaps in an all-or-none manner,
the operation of that process. What we neced to know are the conse-
quences of regulatory failure or inadequacy of any of the multipliciry
of regulatory processes which result from dietary restrictions. At the
same time, we have to know what degree of adaptability exists and
the limits of this adaptability in the regulatory process affected by
dietary restriction. The means of regulation of eell function are com-
plex and finely controlled; the limits of adaptability in any given dietary
situation are yet to be defined and are not well understood. The kind
of information needed will result not from the perpetuation of tra-
ditional experiments in human nutrition, but rather from experiments
designed on the basis of the newer concepts of molecular biology and



cell regulation. Tt is thus likely that well designed animal model systems
will be needed to exploit these newer concepts before suitable experi-
ments can be developed for use with the human.

It is the purpose of the present session on Metaholic Adaptation and
Nutrition to cxplore this area with the hope that new approaches in the
diagnosis and treatment of nutritional diseases will emerge.



PHYSIOLOGICAL ADAPTATION: THE TEST OF NUTRITION®

Van R. Potter and David F. Scott?

Intreduction

Metabolic adaptation is a subject that should
be of major interest to nutritionists. It repre-
sents a common ground where nutritionists,
endocrinologists, physiologists, pharmacologists,
and now molecular biologists can meet and
discuss problems of mutual interest. Metabolic
adaptation may also begin to involve the so-
ciologists since cultural adaptation to new
dietary practices is part of the total picture. In
an carlier paper (Potter 5), Geertz's interesting
concepts defining a enlture as a set of societal
mechanisms for controlling or programming
individual human behavior were discussed. In
that paper, the possibility of defining an opti-
mum environment was presented, and the con-
cept that optimum health or normality could
be attained by providing individuals with an
environment that required no adaptive re.
spoﬁses was questioned. On the contrary, in
proposing a list of seven points to consider in
defining such an environment, it was empha-
sized that: “The culture should prepare us for
and expect of cach individual adaptive responses,
continually from birth to death. . . .” In this
connection it was stressed that we are, in fact,
quite ignorant of how to assist in the evolution
of our culture toward better concepts of positive
health. The contention was that individuals

1Sypported In part by grants from the National
Cancer Insttute, United States Public Health Service
(USPHS), CA-07175 and CRTY-3002.

2 [JSPHS Post-doctoral Fellow IFO2 CA-~32836, 1968-
1970.

show a wide variation in their tendency to seek
physiological challenges, and the question was
raised as to how individuals could be motivated
by society to seck thelr own optimum degree
of positive health while maintaining their iden-
tity as free individuals. In a later paper (Potter
6}, tracing the concept of homeostasis from the
era of Claude Bernard and Walter Cannon to
the present, it was emphasized that homeostasis
in the miliew intérieur is achieved by rather
heroic variations in certain enzymatic com-
ponents that contribute small molecules to the
common aqueous environment. The two publi-
cations already referred to provide background
for the present report. Many of the ideas ex-
pressed are in harmony with papers presented
at this conference by Harper, Waterlow, Mayer,
Waters, and others.

In the above<ited papers (5, 6), the concept
of physiological cost is coupled with the concept
of physiological adaptation. The issue is espe-
cially applicable in the case of the drug me-
tabolizing enzymes that increase adaptively in
response to pesticides or other foreign chemicals
in the environment.

Controlled feeding schedules in the study of
metabolic adaptation

As a result of our studies, it is believed that
much of the literature on enzyme levels in the
tissues of experimental animals is very inade-
quate because of a failure o specify adequately
not only the composition of the diet, but also
the lighting conditions, the time of day, the



period of food availability, and the duration of
the regimen, in addition to all the wsual specifi-
cations of age, sex, strain, and so on. The
authors have moved from a practice of ad
lthitum feeding with controlled lighting and
killing times to a position of advecating not
only controlled lighting, but alse controlled
feeding schedules and an actual opposition to
the practice of ad libitum feeding in experi-
ments that emphasize bicchemical parameters
in contrast to behavioral parameters (I, 5-13).
If behavioral studies involving the eating habits
of rats are to be combined with biochemical
measurements, they can be interpreted more
readily in the light of data from experiments
in which the feeding schedule was controlled.
Elsewhere, the details of protocols have been
summarized, and five objectives that may be
furthered by the use of controlled feeding regi-
mens have been listed (8).

Enzyme changes in metabolic transitions

In 1961 Potter and Ono reported their first
explorations in the realm of controlled feeding
experiments (9). A metabolic transition was
defined as “the period during which an orga-
nism is changing its pattern of enzyme activity
and enzyme amount in response to a change
in its environment.” Later, it was emphasized
that “the living animal is adapting during every
moment of life,” and particularly in connection
with the diurnal changes in light and darkness
(5), In 1961 experiments were patterned after
those of Tepperman and Tepperman in which
animals were refed after fasting two or three
days. Data on glycogen and glucose-6-phosphate
dehydrogenase were provided ((9) Figures 1
and 2, and Chart 1). It was established that the
adaptive increase in the dehydrogenase could
not be accomplished during the first 12 hours
of refeeding even with an optimum diet and
could not be accomplished in the first 48 hours
of refeeding with diets containing too little
carbohydrate (91 per cent protein) or too little
protein (2 per cent). Optimum responses were
obtained with 20 to 60 per cent protein in the

presence of 71 to 31 per cent glucose ((9),
Figure 4). However, the dehydrogenase activity
did increase on the high-protein dict by days
4 and 6 of refeeding after a failure to respond
during two days of refeeding {(9), Figure 5).
This delay during the high-protein diet was
probably caused by the delay in certain com-
ponents of the gluconcogenic system, possibly
including some of the amino acid catabolizing
enzymes, In 1961, a delay in the threonine
dehydrase induction was reported, and in 1968
a delay in the serine dehydratase (possibly the
same enzyme) response, but no delay was re-
corded in the tyrosine transaminase response

(12).

Studies on benzpyrene hydroxylase

Benzpyrene hydroxylase is an adaptive en-
zyme that increases rapidly in the livers of ani-
mals exposed to a variety of foreign agents in-
cluding pesticides, tranquilizers, hydrocarbons,
and others (2, 3, 5, 6, 13). In terms of the con-
cept of physiological cost (5, 6), it has been
clearly established by Conney ez al. (3) that the
drug-hydroxylases also act on a variety of steroid
hormones, These workers also urged that
“further studies should be carried out to deter-
mine whether the chronjc environmenta! ex-
posure of humans to pesticides is sufficient to
alter their metabolism of drugs and steroids...”
since enhanced drug and steroid metabolism in
man has already been demonstrated to occur in
both man and animals after administration of
known drugs (3).

Benzpyrene hydroxylase is present at low
levels in the liver of rmale rats and ar levels
near zerg in the liver of female rats. It is
rapidly induced to high levels in both males
and females after a single injection of methyl-
cholanthrene ((I3}, Chart 1), in confirmation
of earlier experiments by Conney, Miller, and
Miller (cited in 13). Experiments were then
carried out to determine if the metabolic adap-
tation in question was influenced by the level
of protein in the diet or the feeding regimen
and it was found that, in fact, it appeared to



be quite independent of these influences ({13),
Chart 2), in contrast to an earlier experience
with glucose-6-phosphate dehydrogenase (9) or
with tyrosine aminotransferase.

Studies on tyrosine aminotransferase (TAT)

Tyrosine aminotransferase (abbreviated as
TAT, also known as tyrosine transaminase, and
also EC 2.6.1.5) is an enzyme with a very short
half-life. It is induced by a variety of dietary
and hormonal manipulations that enable one to
demonstrate the modulation of gene expression
(Figure 1).

Experiments in the induction of TAT under
carefully controlled conditions and correlating
enzyme levels with the activity of the amino
acid transport system have been of primary
interest to the authors in recent years. In 1967,
simultaneous measurements of the daily varia-
tion in rat liver glycogen, serine dehydratase,
and TAT in comparison with plasma corticos-
terone in rats on 60 percent protein and an
8416 regimen were reported ((I0), Figure
3). These comparisons are of interest because
they show that under the reperted conditions,
induction of this enzyme is not simply a feed-
ing response: the increase in liver glycogen con-
tinues for at least six hours after the activity of
tyrosine amino transferase starts to fall. ‘The
data also reveal an important clue to later ex-
periments: the increase in TAT occurs at the
time of a sharp metabolic transition, when
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Figure 1. Schematic indication of variables and escillat-

ing parameters studied in liver and plasma of rats on
controlled feeding schedules. The sites of action for the
hormones and for theophylline are still not fully estab-
lished cltheugh thoophylline is known te inhibit cyclic
adenosine monophosphate (AMF) diesterass.

light turns to darkness, food is suddenly avail-
able, hyperactivity occurs, glucagon, epine-
phrine, and insulin may be involved and gly-
cogen levels are falling even as the animals are
ingesting food. This observation has been ob-
scrved repeatedly in the laboratory and reported
in connection with other observations whenever
the observed time points included the first one
or two hours after the onset of feeding and
darkness (12). Moreover, when cxperiments
were carried out with rats on a 12 percent pro-
tein diet, which does not induce tyrosine transa-
minase, administration of tryptophan, 5-OH
tryptophan, or serotonin, decreased liver glyco-
gen but induced TAT. Shortly after these ex-
periments were completed, a study of tyrosine
aminotransferase in relation to amino acid trans-
port was undertaken.

Induction of the amino acid transport system
(T5)

The induction of tyrosine aminotransferase
is closely correlated to the induction of the
amino acid transport system (T8} and this, in
turn, is correlated with cyclic adenosine mone-
phosphate (AMP) as suggested in Figure 2.
However, at this time the exact sites of action
and mechanisms remain to be established;
multiple targets for various stimulating factors
should be considered and seem obligatory from
a theoretical standpoint.

It was established that tyrosine aminotrans-
ferase shows a daily oscillation in which the
amplitude is determined by the protein level in
the diet. Serine dehydratase levels are also de-
termined by dietary protein, but instead of
responding  immediately they require several
days to establish. The presence of the adrenals
is not a requirement for these adaptations (12).

Since amino acid input was obviously of
importance, study of the amino acid transport
system and effects of various hormones on this
parameter were undertaken, using both amino-
iso-butyric acid (AIB) (I), and amino-cyclopen-
tanecarboxylic acid (ACPC or cycloleucing)
(8).
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in Figure 1. The same limitations apply.

Subsequent to the above reports, studies by
Fuller and Snoddy ((4), and personal com-
munication) in which theophylline and epine-
phrine-induced TAT in rat liver were noted.
Meanwhile, Wicks &z al. (16) published studies
showing induction of TAT by theophylline,
glucagon, and cyclic AMP. These investigators
had not carried out any studies that incuded
the amino acid transport system, so it was de-
cided to coordinate studies on the two systems
in the same animals using controlled feeding
schedules. Under controlled conditions theo-
phylline alone gave responses with dose co-
ordination in both TAT and TS that had not
been seen previously ((7), preliminary data).
Further studies are still in progress (II). It is
shown that time after administration and
dosages are critical (11), but that at all dosages
and times there is a close correlation between

TAT and TS (iI). When AIB or ACPC is
transported into liver, TAT rises phenomenally,
but the plasma level changes relatively little,
and the AIB or ACPC appear not to be coming
from muscle or intestinal mucosa (77).

Conclusion

Reference is again made to Figure 2 to indi-
caté the parameters under study and their pos-
sible relationships, and to emphasize the thought
thar nutrition cannot ignore the ficlds of en-
docrinology and the molecular events that
underlie metabolic adaptations, But the real
inpact on the field of nutrition must lie in the
practical applications of the changing concepts
of normality, adaptability, and positive health,
whether or not investigators are involved in
studies at the molecular level,
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ADAPTABILITY AND AMINO ACID REQUIREMENTS

A. E. Harper

Concept of homeostasis

Claude Bernard (5) prior to 1878, concluded
that homothermic organisms were linle in-
fluenced by fuctuations in the external environ-
ment because they actually lived in their own
milicu He recognized that this
frecedom from the influence of a hostile and
fluctuating external environment was accom-
plished, not by the organism being separated
from it, but because it was highly responsive
to changes therein, and could continueusly and
delicately compensate for changes that might
otherwise affect it adversely. Among his ex-
amples he included the ability of higher orga-
nisms to tolerate a wide range of nutritional
conditions,

In his classic studies of blood and body
fluids, L. J. Henderson (23) was struck by the
relative constancy of fasting concentrations of
blood constituents despite the fluctuations that
occurred under other conditions. His interest in
the ability of the body to restore the blood to
its standard state led him to recognize the
phenomenon of adaptability as a basic biological
phenomenon. He also recognized that if the
external influence werc too great, the body
might be unable to restorc the standard state
and might have to compromise at something
less than the ideal. He further realized that
failure of the adaptive mechanisms would lead
to inability of the organism to survive.

“The law of adaptation,” Henderson stated
. . . scems to be quite as well established as

<
miericur,

L3

the Second Law of Thermodynamics and
almost equally serviceable . . . adaptation is
relative. It involves a question, not of what is
best, but of what is efficient under certain con-
ditions, of what promotes survival in a par-
ticular environment. . . .”

The concept of the body as an open system
in a steady state was developed by W. B.
Cannon (9, 10). He was concerned with the
mechanisms involved in the integrated responses
required to restore the body fuids toward the
standard state after disturbances of various
types, especially the role of the mervous and
endocrine systems. Cannon coined the term
“homeostasis” (from similar and condition)
which he defined as “the coordinated physio-
logical reactions which maintain most of the
steady states of the body.”

The concept of homeostasis was examined
in detail, especially from an evolutionary view-
point, by Joseph Barcreft (3} who was led to
the conclusion that, as one ascended the evolu-
tionary ladder, the accuracy of regulatory
mechanisms increased, leading to increasing
stability of the internal environment. He con-
cluded that this high degree of stability was
essential for development of higher mental
activity, and for intellectval development that
permits the greatest freedom from the restric-
tions of a fluctuating external environment.

Taoday, as concern with metabolic regulation
has developed, there is renewed interest in the
concept of homeostasis. Understanding of the
regulatory mechanisms underlying homeostasis



has increased greatly as knowledge of enzy-
matic mechanisms and biochemical regulation
has accrued (32). Also, the fequirements for
stability of such regulatory mechanisms has
become better understood as knowledge of the
requirements for stable electronic feedback
systems has progressed (42). Nevertheless, we
are still far from being able to assess quantita-
tively the significance of homeostatic mecha-
nisms in relation to nutritional requirements,
and, in particular, to recognize the limits be-
yond which such mechanisms cannot prevent
some permanent impairment of the organism
exposed to nutritional deprivation.

Amino acids as essential nutrients

The nutritional essentiality of specific amino
acids was demonstrated by Willeock and Hop-
kins (46) and Osborne and Mendel (30} dur-
ing the first two decades of this century. Shortly
after their discovery of threonine in 1935, Rose
and his associates (34) demonstrated that adult
man required protein as a source of cight indis-
pensable amino acids, and as a source of add:-
tional nitrogen which could be provided in a
variety of reduced forms. They then set about
determining amino acid requirements quanti-
tatively as did others.

Most of the quantitative studies of human
amino acid requirements have been done on
adults. ‘The basic information available (I5)
is summarized in Table 1. It is striking how
small the individual amino acid requirements
are.

The sum of the amounts of indispensable
amino acids required is only .35 gm for men
and 4.35 gm for women. Whether this differ-
ence is a sex difference or merely a reflection
of the different bases for estimation of mini-
mum requirements is problematic (15). In any
event, assuming that these amino acids, together
with cystine and tyrosine, which are semi-
indispensable, represent about half of the amino
acids in high quality proteins, they would be
provided in the required amounts by only from

Table 1

Minimal daily amlne acid requirements of man

Adult

Infant Male Female

mg/kg/day mg/day mg/day
Histidine 32 — L —
Isoleucine 20 700 450
Leucine 150 1100 620
Lysine 105 800 500
Total sulfur A.A. 85 1100 550
Total aromatic A.A. a0 1100 1120
Threonine 60 500 305

Tryptophan 22 250 157 .
Valine 93 800 650
Total 727 6350 4352

From NRC Publication 711 (15).

9 to 12 gm per day of a protein with a net
protein value (NPV) of 100.

if, on the other hand, requirements are cal-
culated on the basis of obligatory nitrogen losses
that must be replaced, as shown in Table 2, a
value of 265 gm of protein is obtained {I2).
This is over double the amount of protein of
high nutritional value needed to meet the esti-
mated requirements for the indispensable amino
acids determined individually. Since the indis-
pensable amino acid pattern of total body pro-
teins resembles quite closely that of the amino
acid requirements (47), it is evident that the
obligatory losses of nitrogen cannot come
equally from dispensable and indispensable

Table 2
Colculated minimum deily nitrogen requirements of
adult men 2

mg N/day
Endogenous urinary loss (2.0 mg N/kcal) 3,200
Metaholic fecal loss {0.57 mg N/kecal) 912
Daily skin loss (0.08 mg MN/kcal) 128
4,240

4 Minimum daily protein requirement
= (4.24 X 6.25) = 26.5gm

Based on Recommended Inmtakes of Nutrients jor
the United Kingdom (12).



amino acids arising from body protein break-
down, unless the values for individual amino
acid requirements determined by use of highly
purified diets differ greatly from those esti-
mated from minimal protein intake to maintain
nitrogen equilibrium.

Measurements of the amounts of food pro-
teins required to maintain adult man in nitro-
gen equilibrium are in general agreement with
the values estimated from obligatory nitrogen
losses, Bricker, ez al. (7} concluded that the
average daily protein requirement of a group
of college women consuming a diet in which
70 percent of the protein was from cereals was
317 gm. Thus, if requirements for indispens-
able amino acids are estimated from the
amounts of natural proteins required to main-
tain adult man in nitrogen equilibrium, the
values are considerably higher than those ob-
tained in experimental studies in which the
minimum requirements have been determined
using amino acid diets. It may be important
that the minimum requirements for individual
indispensable amino acids have been determined
with diets containing an amount of nitrogen,
largely from glycine and diammonium citrate
that would be provided by 38 gm (25), and
usually closer to 60 to 65 gm of protein (26, 34),
more than is provided by diets composed of
foodstuffs that will maintain man in nitrogen
equilibrium.

These two types of observations raise a ques-
tion concerning the relationship between the
indispensable amino acid requirements and the
total nitrogen requirement of the adult. They
imply that the total requirement for indispens-
able amino acids represents a much smaller
proportion of the total nitrogen requirement for
the adult than for the young growing organism,
and that the indispensable amino acid require-
ments fall proportionately more than the total
nitrogen requirement with maturation, or that
indispensable amino acids are well-conserved by
adult man, at least under the conditions that
have been used for the determination of mini-
mum amino acid requirernents, that is, with

very low intake of the amino acid under study
and a relatively high nitrogen intake.

Romo and Linkswiler (33) and Clark er al.
(11) indicate that in mature human subjects on
relatively low nitrogen intakes (about 6.0 gm
of nitrogen daily), nitrogen balance improves
as the proportion of indispensable amino acids
in the diet is. increased (Figure 1). These
observations, taken together with those on esti-
mated minimum  amino acid requirements,
imply that to maintain individuals in nitrogen
equilibrium of indispensable
amino acids approaching those determined in-
dividually as the minimum requirements, totat
nitrogen intake must exceed that needed when
the quantities of indispensable amino acids
exceed the estimated minimum requirements,
This means that requirements of adult subjects
for indispensable amino acids increase as nitro-
gen intake falls. Observations by Scrimshaw
et zl. (40) on nitrogen retention of young men
fed a diet providing from four to five gm of
nitrogen per day, largely from whole cgg, tend
to support this view as their subjects were in
negative nitrogen balance, even though the

on quantities

amounts of indispensable amino acids in the
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omino ecids patterned @s in maize, From Reme and
Linkswiler {33).



diet exceeded the estimated minimum require-
ments. Interestingly, nitrogen balance of their
subjects did not become appreciably more nega-
tive when part of the protein was replaced by
glycine and diammonium citrate.

The infant and young growing subject re-
quire amino acids for the synthesis of new
tissue as well as for maintenance, as iflustrated
in Figure 2 from Hegsted (22). If protein in-
take were inadequate, conservation of indis-
pensable amino acids could permit redistribu-
tion within tissues and could increase efficiency
of utilization of the available amino acids, but
since about half of the amino acids in tissuc
proteins cannot be synthesized by higher ani-
mals, they must be provided in the diet, as
such, if growth is to continue,

The rapidity with which growth failure
occurs in animals or human subjects fed amino
acid-deficient or low-protein diets, and the
rapidity with which negative nitrogen balance
occurs in adult subjects under such condrtions,
indicates that amino acids cannot be stored as
reserves comparable to energy storcs and that
whatever increase in cflicieney of utilization may
occur when amino acid intake is low is limited.
Further evidence for the lack of amino acid
stores comes from studies of delayed amino acid
supplementation in which all of the dietary
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Figure 2. Estimates of prolein required per kilogram of
body weight per day for larger boys. From Hegsted (22),

components, except for one amino acid, are fed
together in a single meal, with the missing
amino acid being fed separately later (I3, I8).
A delay of a few hours in the provision of the
missing amino acid results in growth failure,
indicating that a surplus of amino acids is
cleared rapidly from body fluids, and within
a short time is no longer available for protein
synthesis. There are differences among amino
acids in this regard. As illustrated in Figure
3, lysine administered twice daily with a
lysine-deficient diet fed ad libizum supports con-
siderable growth, whereas isoleucine similarly
administered is much less efficiently used (43).

The rapidity of clearance of amino acids that
cannot be used for protein synthesis is illustrated
by some obscrvations of Haider and Tarver
(19), reminiscent of earlier observations by
Borsook (6}, as shown in Figure 4. The sur-
vival time of C-labeled amino acid injected
intraperitoncally is very short indeed.

If there are not readily available reserves of
indispensable amino acids, what is the situation
regarding the so-called protein reserves—proteins
from which amino acids can be redistributed
to maintain essential structures during periods
of amino acid deprivation. These appear not
to be reserves in the usual sense of that term,
but rather a reflection of the metabolic state of
the organism, and to consist of functional body
proteins that can be mobilized at different rates
depending upon the nutritional needs of the
organism (21), During starvation, when the
primary need is for energy and glucose, many
of the enzymes of amino acid degradation and
gluconeogenesis increase in activity, despite the
lack of a dictary source of protein, as illustrated
for glutamate-alanine amino transferase (Figure
5) from a study by Rosen ¢z al. (35). Yet, under
conditions of simple protein deprivation, when
glucose and energy are provided, but amine
acids are lacking, and the primary need is for
conservation of indispensable amino acids and
nitrogen, many of these same enzymes fall to
very low levels of activity. Thus, under one
condition of protein deprivation this group of
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1. Effect of lysine administered with the diet, or injected twice daily on

growth of rats fed ad libifum o lysine-deficient diet. ([) 30 per cent wheot gluten
(I1) 30 per cent wheat gluten 40.4 per cent L-lysine-HCL; {1I1) 30 per cent wheat
gluten 4-0.4 per cent L-lysing injected intraperitoneally; (IV) as for (), but injected
subwianeously. 2. Effect of isoleucine and valine administered with the diet or injected
twice daily on growth of rats fed ad libifum o diet deficient in isoleucine and valine,
{I} Aminc acid diet with quantities of amino acids in § per cent casein; (1) as for (1),
but isoleucine and valine reduced by one-third; (11§} as for (1} but iscleucine and valine
equivalent 1o that consumed by (I} injected subceutaneously, From Spolter and Harper

(43).

proteins represents part of the so-called protein
reserves whereas, under another, they de not
Studies of muscle proteins, which appear to be
dispensable under both of these conditions, do
not reveal this distinction, but then the indi-
vidual components of muscle have received
much less attention than those of liver,

An excessive Intake of protein appears to
pose little problem for the healthy, wellfed
organism. Substrate concentrations for amino
acid-degrading enzymes are high when protein
intake is high. Food intake may fall if the
intake of amino acids exceeds the capacity of
these enzymes to clear amino acids. But adap-
tive responses occur—the activities of amino
acid-degrading enzymes rise (2, 38), as shown
in Figure 6, for enzymes of histidine catabolism
(39), and within a short time food intake is
restored and the organism has achieved homeo-

stasis at a higher level of nitrogen metabalism
and functions well (I).

12

Dietary deprivation of amino acids is a more
serious problem. There is no reserve of amino
acids that can be mobilized to support the
growth of the young organism subjected to
severe deprivation. Even in the adult, despite
such mechanisms of amino acid conservation
as exist, there is an obligatory minimum nitro-
gen loss that must be replaced to prevent tissue
wastage.

It would appear from the studies on amino
acid and nitrogen needs of man discussed
carlier, that a high intake of indispensable
amino acids would be beneficial when nitrogen
intake is low. But most low-protein diets are
of plant origin, and these characteristically have
a low ratio of indispensable to dispensable
amino acids and thereforc provide propor-
tionately less indispensable amino acids than
diets that contain high quality animal proteins
(20). Also, ingestion of low protein diets is
frequently accompanied by caloric inadequacy,
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which results in utilization of a portion of the
amino acids as a source of energy (8). More-
over, such diets tend to be high in carbohydrate,
and an excess of carbohydrate in relation to
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Figure 5. Effect of withholding food from rats on the
activity of glutamate-alanine transaminase in liver, From
Rosen et al. (35}

well-balanced protein contributes to the adverse
effects of a low protein diet (31), probably by
stimulating fat synthesis in the liver (49) at
a time when the capacity for fat transport to
the periphery is limited (14). There is, thus, a
great need for adaptive responses that will con-
tribute to survival by increasing amine acid
retention under conditions of limited protein
intake. .

One might suppose that a substantial reduc-
tion in protein turnover, with inhibition of
degradation of tissue protein breakdown,
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Figure 6. Changes in activities of histidine-degrading enzymes in liver with fime ofter
feeding rats a high protein diet. From Schirmer and Harper (39).
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would provide such a mechanism, However,
the phenomenon of protein turnover provides
the organism with great adaptability, especially
during periods of deprivation, permitting break-
down of less important tissue and organ pro-
teins to provide amino acids for the maintenance
of the essential ones—a mechanism with great
survival value. Although there is evidence that
turnover of some proteins may be slowed (38),
general inhibition of this process would lead
to rigidity of the system and lessen its ability
to respond to changes in the external environ-
ment. Hormones and digestive enzymes, for
example, must be synthesized continuously. It
would, therefore, seem most appropriate for the
body to depend upon increased efficiency of

conservation of the indispensable amino acids

arising from tissue protcin degradation as the
major form of adaptation when the dietary
supply of these amino acids is inadequate, and
to depend upon inhibition of protein turnover,
with the restrictions this would impose, only
as a last resort.

Adaptive (homeostatic) responses to
low protein intake

A very carly result of a low intake of an
indispensable amino acid is a drop in the con-
centration of that amino acid in body pools.
With low substrate concentrations for amino
acid-degrading enzymes, the minimum obliga-
tory oxidation of amino acids would be expected
to fall. Observations by McLaughlan e a4l
(27) in Figure 7 illustrate the relationship
between intake and plasma concentration for
several amino acids. Since the Michaelis con-
stants of amino acid-degrading enzymes are
much above those for amine acid-activating
enzymes, this should greatly favor incorpozation
of amino acids into proteins over oxidation.

The distribution of amino acid-degrading
cnzymes, although not altered by dietary altera-
tions, would appear to be an evolutionary adap-
tation contributing to amino acid conservation.
Most of the enzymes for degradation of the
indispensable amino acids are confined to the

liver and, therefore, have limited distribution.
This is illustrated in Table 3 by observations
of Miller (28), which provide a comparison of
the capacity of the perfused liver and of the
eviscerated rat carcass to oxidize individual
amino acids. With this type of distribution,
little degradation of most of the indispensable
amino acids would occur in the periphery—a
further factor that would favar conservation
and reutilization of amino acids released as a
result of tissue protein depradation.

Interestingly, the branched-chain amino acids’
are exceptions. However, even for these, only
the aminotransferase for the first step in deg-
radation is distributed in the peripheral tissues
with the oxidase being confined almost ex-
clusively to liver and kidney (48). Thus, con-
servation of these could also occur with the keto
acids being readily reaminated in the peripheral
tissues, as long as amino donors are available.

Further, in animals fed a low-protein diet,
the activities of the enzymes for degradation of
indispensable amino acids fall to very low
activities. This is illustrated for threonine de-
bydratase {37), in Figure 8. Also the oxidase
for the branched-chain amino acids falls sharply
in animals fed a low protein diet {48) as shown
by Figure 2.

With prolonged ingestion of a low-protein
diet, enzymes for activation of amino acids rise

Table 3

Oxidation of “Clabeled amine acids by the perfused
liver and by the eviscerated carcoss

% administered “*C expired as *COs

Eviscerated Tsolated

surviving rat  perfused liver
L-phenylalanine 0.14 255
L-histidine 0.44 30,0
pL-tryptophan 1.7 . 2.1
L-lysine 24 34,5
L-isoleucine 7.7 5.2
L-leucine 12.0 5.4
Glycine 7.1 19
r-glutamic acid 46.0 32

After Miller (28),

14
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(16), a [urther adaptation that should favor
trapping and reutilization of available amino
acids.

A low-protein intake, as was mentioned, is
usually accompanied by a high-carbohydrate
intake which would tend to stimulate insulin
secretion. Munro (29) has shown that a pro
teinfree diet stimulates tissue uptake of amino
acids, probably by this mechanism. At the same
time, enzymes for gluconeogenesis tend to fall
when carbohydrate intake is high; hence, both
of these responses would also tend to contribute
to increased efficiency of utilization of available
amino acids for tissue synthesis.

15

Fraom Mclaughlan and Morrisen (27},

Lastly, although protein turnover contributes
greatly to the ability of the organism to adapt
to a changing external environment, as protein
deficiency is prolonged, some flexibility may
have to be sacrificed to prolong survival. Obser-
vations by Waterlow and his assaciates (45)
indicate that protein synthesis in muscle is de-
pressed within a short time in rats fed a pro-
tein-deficient diet, whereas that in liver is de-
pressed only after more prolonged : deficiency
(Table 4). However, they also obtained evi-
dence of substantial reutilization of amino acids
released from tissues for serum and liver pro-
tein synthesis (Table 5). The high values for
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apparent half-lives of proteins in this study are
the result of reutilization of amino acids, Evi-
dence from isotopic studies of plasma albumin
synthesis and catabolism in recovered and mal-
nourished children indicate that the rate of
synthesis of plasma albumin falls within a short
time after protein intake falls and that after a
few days the catabolic rate falls as well. Initially
albumin was apparenty transferred from the
extravascular to the intravascular pool, then the
concentration was maintained with a lower
turnover rate—a highly effective adaptation as
Waterlow (45) points out.
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Table 4

Synthesis rates of liver and muscle proteins in male rats
under different dietary conditions measured by
continuous intravenous infusion of “Celysine

Synthesis-rate {95 of contral)

Condition Liver Muscle
Starved 2 days 105 69
Protein-free 3 days 113 65
Low protein 3 days 110 50
Low protein 10 days 125 18
Low protcin 10 days 3= insulin 165 —
Low protein 5 wecks 80 56

From Waterlow (45).

Significance of adaptability in relaton to
amino acid requirements

Tt has long been recognized that human sub-
jects can maintain nitrogen equilibrium with a
wide range of nitrogen intakes and that if
nitrogen intake is reduced gradually after a
brief pertod of nitrogen loss, equilibrium is
attained again at the lower intake (29). In
other words, after a period of adjustment
homeostasis is achieved with a reduced rate of
nitrogen metabolism, the lowest nitrogen or
protein intake at which equilibrium can be
maintained being taken as a measure of the
minimum requirement.

Evidence that this involves adaptation comes
from observations that the capacity for aming
acid degradation falls as nitrogen intake falls,
and that in the protein-deficient organism this

Table 5

Half-lives of serum and liver proteins in the rai,
measured with “*C-arginine

Half-life {'T' ¥ ) in days

True Apparent
Mixed serum-prateins:
Control 20 27
Protein-depleted 33 55
Liver proteing;
Control 1.9 5.5
Protein-depleted 2.3 92

From Waterlow (45).



is accompanied by increased efficiency of re-
utilization of indispensable amino acids and
reduced rates of turnover of some proteins, as
discussed earlier. Experiments discussed earlicr
also indicated the capacity for conservation of
amino acids is not uniform, Further, Bender
(#4) found that the net protein utilization
(NPU) of several amino acid mixtures, devoid
of one amino acid, was not zero, as would be
predicted (Figure 10), and Said and Hegsted
(36) observed that the utilization of Iysine-
deficient proteins was greater than the pre-
dicted value when they were fed at low levels.
It would therefore appear that the minimum
amount of protein required to maintain nitro-
gen equilibrium would depend, not only upon
the amount of the limiting amino acid present
in the protein, but also, which amino acid is
limiting, in view of the differential capacity
of the organism to adapt to deficits of the dif-
ferent amino acids.

Questions raised regularly regarding esti-
mates of minimum protein requirements needed
to maintain nitrogen equilibrium in the adul,
or normal growth of the young are, “Does this
minimum deviate appreciably from the opti-
mum?”, and “Does a higher intake improve

100
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Figure 10. Relationship between chemical score and net
protein utilization {NPU) of diets containing amino acid
tixtures limiting in @ single amino qcid. From Bender (4).
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nutritional status?” There are still differences
of opinion about these, as there have been for
decades, but there is little concrete evidence
that extra protein, over and above requirements
determined by these methods, confers additional
benefit (17). This suggests that adaptive
mechanistns function efficiently in  enabling
higher organisms to adjust from z high to a
low-pratein intake.

Nevertheless, despite the amazing adapta-
bility of higher organisms to a reduced protein
intake, reutilization of amino acids and nitrogen
is never complete, and for maintenance of the
adult, there arc always minimum obligatory
losses that must be replaced. In the young
growing subject, the problem is more critical.
Even if reutilization were complete, the require-
ments for growth would still remain. The im-
mediate response of the growing organism to
a shortage of protein is retardation of growth,
This is obviously an adaptation with survival
value, as Waterlow (45) has pointed out. But
the question is, “Up to what point can growth
retardation be considered an adaptation com-
patible with normal function, and beyond what
point must it be considered an inability of
homeostatic mechanisms to compensate for the
nutritional deprivation?” This is also a critical
problem in assessing the relationship between
adaptability and requirements, for it is impor-
tant to distinguish clearly between (1) a low
protein intake which, with effective function-
ing of homeostatic mechanisms, will support
not only survival but also a satisfactory rate
of growth and efficient performance of the
organism, and (2) protein deficiency, which
represents a nutritional state in which the ca-
pacity of homeostatic mechanisms has been
exceeded and deterioration of the organism
progresses to a point of irreversibility (44, 45).
It is a distinction that is and will undoubtedly
remain difficult to define in view of the variety
of factors that influence nitrogen and amino
acid utilization and requirements,

Among problems that have been touched on
in relation to this are the low values for amino



acid requirements determined individually in
adult man with diets containing considerable
surpluses of nitrogen and other amino acids.
It seems quite possible that the amino acid in
shortest supply is used particularly efficientty
under these conditions as a result of a mass
action effect, and hence the values obtained
for minimum requirements with this procedure
are unusually low. There is evidence that
nitrogen retention of adult subjects, with low
nitrogen intakes, improved as indispensable
amine acids were substituted in increasing
amounts for dispensable nitrogenous substances
in the diet. However, there is also evidence
from studies with both children (41) and adults
{24) that retention of nitrogen by subjects with
low nitrogen intakes can be improved by sup-
plements of  dispensable nitrogenous com-
pounds, Unfortunately, information on this is
quite limited, and there appears to have been
no comparison, in a single experiment, of the
eflectiveness of these two procedures for im-
proving a low-protein diet. Nevertheless, it is
tempting to speculate that the minimum values
reported for amino acid requirements are a
reflection of experimental conditions that lead
t highly efficient trapping of the amino acid
that is limiting; that as total nitrogen intake
falls, requirements for indispensable amino
acids increase; and that as total nitrogen intake
*is increased, adaptive mechanisms come into
play to increase efficiency of conservation of

indispensable amino acids. This would imply
that at the point where the capacity of adaptive
mechanisms for conservation of amino acids is
close to maximum, nitrogen retention could be
improved either by increasing the indispensable
amino acid content of the diet without increas-
ing the total nitrogen content or by increasing
the total nitrogen content without increasing
the indispensable amino acid content,

It is not very satisfying to conclude without
clarifying the relationship berween adaptability
and amino acid requirements, so I should like
to close with the thought that, although efforts
to assess minimum amino acid requirements
under particular conditions have intrinsic
value, it is time to focus more directly on such
questions as, “What are the mechanisms of
adaptation t0 a low protein intake?” “To what
extent are the requirements for indispensable
amino acids altered by adaptations?” “How can
the line of demarkation between adaptation and
breakdown be distinguished clearly?” Values for
quantitative requircments for amino acids will
become more meaningful when we have more
adequate answers to such questions.

If the science of nutrition requires a chal-
lenge, investigation of mechanisms of adapta-
tion to nutrient deprivation, of the limits of such
adaptations, and of ways of supplementing such
adaptive mechanisms as exist when they reach
the limit of their capacity should provide chal-
lenges sufficient for a healthy future in the feld.
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ENZYME SYNTHESIS AND DEGRADATION: EFFECTS OF

NUTRITIONAL STATUS

Robert T. Schimke

There is an increasing wealth of examples of
adaptation to alterations in the physiological
and nutritional state of an animal, which in-
volves striking changes in the levels of a num-
ber of enzymes in the liver (11, 24). Such
changes do not reflect simply activation and
inactivation of the enzyme protein, since agents
that inhibit protein synthesis can prevent the
increases in enzyme activity (7). More con-
vincing are studies using combined immuno-
logic and radicisotopic techniques in demon-
strating both increased content of immunologi-
cally reactive protein, and an active, net uptake
of isotopic amino acids into specific enzyme
proteins (8, 9, 22, 25).

Most important, and central to an understand-
ing of the dynamics of enzyme regulation in
mammalian tissues, is the fact that changes in
enzyme levels take place against a background
of continual synthesis and degradation of pro-
tein, that is, turnover, as documented so ele-
gantly by Schoenheimer and his co-workers
(26) in the early 1940%, and studied mote
recently in other laboratories {3, 30). We may
consider the continual degradation of protein
as an answer to the problem of how to remove
enzymes when no longer needed as part of an
adaptive response to altered nutritional states.
In a rapidly growing bacterium, an unneeded
enzyme can be diluted by subsequent cell di-
visicn. In the generally non-growing cell of an
animal, intracellular degradation becomes in-
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creasingly important for this removal process
and hence for controlling enzyme levels. It is
of interest that the tissue with the most rapid
mean rate of protein turnover is the liver, the
tissue whose metabolic machinery, that is, en-
zymes, undergoes the greatest changes in re-
sponse to dietary changes as part of its role in
maintaining the internal maliex of the animal.

Properties of protein turnover in rat liver

Since regulation of enzyme levels takes place
against a background of continual synthesis and
degradation, certain properties of this overall
pracess are presented as a basis for subsequent
presentations.

Studies from various laboratories have shown
that replacement of liver protein is rapid and
One such experiment designed to
answer questions about the rate and extent of
turnover of total liver protein and one specific
enzyme, arginase, is shown in Figure 1 (22).
Rats were fed an amino acid diet containing

extensive.

H“C-rlysine of constant specific activity for up
to 20 days. The rate and extent of protein turn-
over were determined from how rapidly and
to what extent total cellular protein and argi-
nase were replaced from the dietary source. The
free lysine pool (counts soluble after trichloro-
acetic acid precipitation of protein) approached
maximal labeling in 24 to 36 hours (Figure 1).
Lysine incorporation into total liver protein



(CPM'/mg protcin) was initially rapid and
then slowed markedly after five to six days.
Incorporation of lysine into arginase (total CPM
in enzyme precipitated with a specific anti-
arginase antibody) was slower.

A measure of the extent to which the cellular
proteins are replaced can be obtained by com-
paring the specific activity of the lysine in pro-
tein with that of the dietary source as shown
in Table 1. The specific activity of the lysine
isolated from the original diet was 1105 CPM/
pmole. After 20 days of labeling, about 76 per-
cent of the lysine residues of total liver had
been replaced, that is, the specific activity of
protein lysine was 829 CPM/pmole. In addi-
tion, virtually all of the lysine of arginase had
been replaced in this time, From this experi-
ment we can conclude:

(1) The replacement of protein in rat liver
is extensive and rapid. At least 50 per cent of
the protein is replaced in four to five days.
Similar conclusions have been made by Swick
(30) and Buchanan (3).

(2) The majority of protein degradation is
intracellular rather than involving the death of

1 Counts per minute.

Takle 1

Specific activity of 14C.L.lysine isolated from fotal liver
protein and arginase following 20 days of continuous
administration of 14C.L-lysine diet

%o Re-

Radio- place-

activity Lysine ment
recovered specific of

Source of lysine as lysine activity lysine

%o (CPM/pmole)

Diet 98 1105 —
Total liver protein 95 829 75
Arginase 66 1106 91

The liver from three rats maintained on a 4C-L-lysine
diet for 20 days as described in Figure 2 was pooled
and arginase purified as outlined elsewhere (22). 14C-1-
lysine of the purified arginase and a sample of all dis-
carded protein (toral liver protein), as well as of the ini-
tial #C-L-lysine amino acid mixture, was isolated follow-
ing hydrolysis 6 N HCI by chromatography on Amberlite
CG-50 (NH, + form) columns.

22

entire cells, The life span of cells in liver is
from 160 to 400 days (3, 13). Tt follows then
that since most of the protein is replaced within
20 days, the degradation that occurs must be
largely intracellular.

(3) There is a marked heterogeneity of deg-
radation rate constants of different cell orga-
nelles and  individual intracellular enzyrmes.
This is already evident from the experiment of
Figure 1. Thus, arginase is replaced more
slowly than a large portion of the total protein.
The data summarized in Table 2 emphasize
the heterogeneity of rate constants even more,
Among cell fractions as defined by differential
centrifugation, of particular jnterest is the find-
ing that the proteins of the membrane fractions,
smooth and rough endoplasmic reticutum, and
the plasma (cell surface) membranes are in
the greatest state of flux with a mean halflife
of about two days (Z). There is an even more
marked heterogeneity of degradation rate con-
stants among individual enzymes. There is no
correlation between the intracellular localization
of an enzyme and its halflife. Thus $-amino-
levulinate synthetase has a half-life of only one
hour, but is localized in mitochondria (half-
life=6 to 7 days). Likewise halflives of solu-
ble proteins range from L5 hours (tyrosine
transammase) to 16 days (lactic dehydrogenasc
isoenzyme 5).

Theoretical formulation of changing enzyme
levels

In view of the fact that there is a continual
synthesis and degradation of essentially all pro-
teins of liver, any description of changing en-
zyme levels must consider both synthesis and
degradation. Thus, a change of an enzyme level
can be expressed by:

(1)  dE/di=k,—kE

where E is the content of enzyme (units X

mass™), ke is a zero-order rate constant of

1See Berlin and Schimke (2) for a more detiled
development of this formulation.
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Figure 1. Incorporation of continuously administered *'C-L-lysine ints total profein,

arginase, and trichloroacetic acid (TCA} soluble extracts of rat liver, Qshorne-Mendel
rats, weighing 250 to 275 gm each, were maintained for 7 days on a diet consisting
of 25 per cent complete amino ocid mixture. Following a 12-hour period without
food, they were placed on a dist containing “C-L-lysine (specific activity, 1100 CPM
per zmale). At the intervals specified, one rat was killed; the liver was then removed
and divided into two weighed portions. One sample was made into acetone powder
from which arginase was isolaled by immunological techniques; the other was
treated with 10 per cent TCA and divided into protein and supernatant fractions, Radio.
activity of the trichloroacefic acid soluble counts is expressed as CPM per extroct
from 1 gm of liver, wet weight (O (). Counts in total liver protein are expressed
as CPM per mg of protein (@——@®). Counts in the arginase represent the total num-
ber of counts precipitated {&———4&). From Schimke (22).

Table 2

Halflife estimates of subcellular fractions and
specific enxymes of rat liver

Mean
half-life,
Fractions days Refcrence
Nuclear 5.1
Mitochondrial 6.8
Supernatant 3.1 (n
Smooth endoplasmic reticulum 2.1
Rough endoplasmic reticulum 2.0
Plastna membrane 1.3
Enzymes Localization
&-Aminolevulinate synthetase 0,04 Mitochondrial (15)
Alanine aminotransferase 0.7 -1.0 Mitochondrial (31
Catalase 14 Pcroxisomal (18)
Tyrosine aminotransferase (.06 Soluble (10}
Tryptophan oxygenase 0.10 Soluble (5)
Glucokinase 125 Soluble (16)
Arginase 3)(-5 Soluble (22}
Glutamic-alanine transaminase 2y(-3 Soluble (27)
Lactate dehydrogenase 5 16 Sotuble (6)
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synthesis® (units X time™ X mass™), and kg is
a firstorder rate constant for degradation®
(tme™). In general, there is little if any
change in total mass of a tissue, for example,
liver, during an experimental time period, and
consequently an expression for a change in
total tissue mass’is not included.

In the steady state, that is, when dE/dt=0,
then

(2) ky=LksE,and
ke
(3 E= T

Thus, in the steady state, the amount of enzyme
is a function both of the rate of synthesis and
the rate of degradation. An alteration in either
rate can affect the level of E. The significance
of this generalization as affected by nutritional
variables will be the subject of the remainder
of this paper.

Nautritional control of arginase levels in rat lives

In studying the mechanisms involved in
changes of enzyme levels, the first question to
be answered is whether the differences in assay-
able enzyme activity result from differences in
content of enzyme protein. Once this has been
established, the question of whether the rate
of synthesis, the rate constant of degradation,
or both have been altered, can be answered. We
have attempted to answer these questions as

2'The rate of synthesis of a specific protein is deter-
mined by a number of factors, including the number
of ribosomes, amount of messenger ribonucleic acid
{mRNA), levels of amino acids and transfer nbonucleic
acid (tRNA), availability of initiation and transfer fac-
tors, etc. In this simplified mode]l, the separate roles
of such variables have not been factored, since they are
largely unknown in mammalian tissues, Hence, all such
variables have been included under a general notation
of a rate of enzyme synthesis.

3 The rate of degradation of a protein is expressed
in terms of a first-order rate constant because in all
cases studied in liver, the degradation of specific in-
tracellular proteins has followed first-order kinetics.
Rate constants of degradation are often expressed in

terms of a half-life where half-life = _Ikn_Z-
4
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directly as possible by isolating the specific
enzyme protein in question. Generally this
has involved the use of immunologic tech-
niques as adjuncts to isolation and purification
of the protein.

Steady-state conditions

As is the case with many liver enzymes that
are involved in the catabolism of amino acids
{12), a direct relationship exists between the
levels of such enzymes and the caloric intake
provided in the form of protein. Among such
enzymes are those of the urea cycle, that is,
carbamyl phosphate synthetase, ornithine trans-
carbamylase, arginino succinate synthetase, argi-
nino succinase, and arginase (2I). We have
studied arginase, particularly, because it can be
purified readily to a2 homogeneous state and
is capable of eliciting precipitating antibodies
when administered to rabbits. As shown in
Table 3, there is a two- to three-fold difference
in the specific activity of liver arginase between
animals maintained 14 days on a diet containing
either 8 per cent or 70 per cent protein by
weight. That this difference in activity results
from a difference in the amount of enzyme
protein is supported by studies using an anti-
body specific for arginase. The arginase used
to immunize rabbits was purified to the point
of homogeneity as indicated by sedimentation-
velocity studies in an analytical ultracentrifuge
and by the presence of a single protein band
on acrylamide gel eleetrophoresis. The ant-

Table 3

Effect of diet on steady-state levels, synthesis and
degradation of rat liver arginase &

Diet Activity Half-life"  ka ka
amoles/gm Units/gm
wet weight [day X
X 10 Days Day*  10°
B casein 20210 52 0,13 26
309% casein 36713 1.8 0.14 5.2
0% casein 56111 46 015 84

& From Schimke (22),
b See Figure 2,



serum obtained specifically precipitates only
arginase.

Figure 2 shows a typical immunotitration of
the antiserum with highly purified enzyme
(5580 units/mg), as well as with crude liver
extracts with specific activities varying by 4-
fold (10 and 39 units/mg protein). These
crude extracts were from livers of animals main-
tained on & per cent or 70 per cent dietary
protein, respectively. The amount of enzyme
activity neutralized (precipitated) by a constant
amount of antiserum was the same, despite the
fact that the total amount of protein added,
varied over a 500-fold range in the three argi-
nase preparations. Furthermore, as indicated
by the amount of protein precipitated, the pre-
cipitation reactions were quantitatively similar
with the highly purified enzyme and with the
crude extracts of differing specific activities.
These results, then, demonstrate that the dif-
ferences in the amount of assayable enzyme
activity in livers of animals maintained on dicts

o

200,

L]

ANVIYNHIENS N ;01 X SLINA 3STRIGNY

SUPERNATANT ACTIATY

100

1

HG ANTIBODY-ANTIGEN PRECIPITATE

PPRLr-TY

Fy
ARGINASE UNITS X 1072 ADDED

Figure 2. Quantitative precipitin reacliens of purified
arginase and liver extracts. Arginase preparafions were
of three sources; (a) purified arginase (specific activity,
5580 units per mg), A A;: (b) a crude arginase
prepurafion from animals maintained on 8 per cent di-
etary casein (spacific activity, 10 units per mg), A A
() @ crude arginase from animals maintained on 70
per cent dietary casein (specific activity, 39 units per
mg of protein), @——®. Volumes and profeln con-
centrations were made consfant by equalizing the specifie
acfivity of all preparafiens by addition of suitable
ameunts of bovine serum glbumin, From Schimke, (22).
See same for details.
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with differing protein contents represent dif-
ferences in the amount of enzyme protein as
determined immunologically.

The next question to be answered, then, is
whether the difference in enzyme content re-
sulting from maintaining the animals on diets
with differing proportions of protein results
from a more rapid rate of synthesis or a less
rapid rate of degradation; that is, in Equation
(3) above, is kg or kg altered? This question
was answered by determining the values for
kg at three different steady-state levels of argi-
nase. In this expetiment, the detils of which
are given in the legend to Figure 3, animals
were pulse-labeled with guanidino-*C-arginine,
and thereafter the decay of radicactivity of
labeled total protein and arginase was deter-
mined with time, The degradation rate constant
of arginase, here indicated by a halflife value,
is essentially the same in the three steady states,
that is, t} =5 days. The calculations of Table
3 indicate that variations in dietary protein
content affect the rate of enzyme synthesis
rather than the rate of degradation. It is of
interest that Rechcigl (19}, Rowe and
Wyngaarden (20), and Majerus and Kilburn
(14} have also found that differences in rates
of synthesis determine steady-state levels of
catalase, xanthine oxidase, and acetyl coenzyme
A carboxylase, respectively, when rats are main-
tained on diets which affect steady-state enzyme
levels.

Conditions of changing enzyme levels

During abrupt and extensive changes in nu-
tritional status, differences in degradative rates
also occur. Two experiments were performed:
(1) The effect of starvation on arginase levels
in rats that had previously been maintained on
an 8 per cent protein diet; {2) The effect of
change of animals maintained on 70 per cent
dietary protein to a diet containing § per cent
protein on arginase levels. Thus, during star-
vation after maintenance on an 8 per cent pro-
tein diet, there is a net increase of total arginase
(Figure 4). This increase results from con-
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Figure 3. Turnover of tofal liver protein and arginase determined by the decay

of radicactivity after single administratien of *C-guanidino-L-arginine, Following
maointenance of 20 rats for 14 days on each of three diets containing 8, 30, or 70
per cent casein, each rat was given a single infraperitoneal injection of 25 uc of
“C.guanidine-L-arginine. One hour later, and at twe-day infervals, four animals
from each dietary group were killed and the four pooled livers were subjected to

purification of arginase.

as CPM per mg of protein, O
Schimke (22) for details.

tinued enzyme synthesis in the absence of any
breakdown, Experimentally, this conclusion is
based on the finding that there is no loss of
total labeled arginase during subsequent star-
vation as opposed to the decay that eccurs in
the steady state. The stabilization of arginase
oceurs at a time when there is an extensive
degradation of total liver protein, During
change from a high-protein to a low-protein
diet, there is a rapid decrease in total arginase
over a nine-day pericd. This decrease results
from altered rates of both synthesis and de-
gradation (Figure 4). During the first three
days of dict shift, there is a decreased rate of
cnzyme synthesis and an accelerated rate of
degradation. Enzyme synthesis virtvally ceases
during the second three-day period whereas
degradation continues. During the third three-
day period, the rates of synthesis and degrada-
tion approach those characteristic of the new
steady state of animals maintained on & per cent
protein.

Nutritional control of acetyl coenzyme A
carboxylase

The pattern of independent regulation of the
rates of synthesis and degradation of specific
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The protein fractions discarded during the arginase
purifications were pooled to constifute total liver protein,
(), total liver protein; @——@, arginose, See

Results are expressed

enzymes is further Mlustrated by recent studies
by Majerus and Kilburn, Fatty acid synthesis
is inhibited by starvation and is accelerated
when rats are placed on fatfree diets. Numa
et al. {17) have shown that the first enzyme in
the fatty acid synthesis pathway, acetyl co-
enzyme A carboxylase, is rate-limiting, and its
activity as measured by #» wirro assays fluctuates
during fasting and refeeding. Majerus and
Kilburn (14) have extended these studies by
combined use of radioisotopic and immunolegic
techniques similar to those used for studies of
arginase described above to assess the relative
contributions of altered rates of synthesis and
degradation in producing the altered enzyme
levels. ‘These results are summarized in Table
4 and Figure 5.* When rats are fed a fatfrec
diet for 48 hours, the hepatic activity of acetyl
CoA carboxylase is 14.0 milliunits/mg liver
protetn, whereas the corresponding value for
rats maintained on a high-fat diet containing
45 per cent vegetable oil (not shown in Table
4} is 0.6 milliunits/mg protein. Maintenance
on Purina rat chow results in 6.0 milliunits/mg
protein, and animals fasted after maintenance

1T am indebted to Dr. Phitip Majerus for his per-
mission to describe his results in this paper.
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Figure 4, Rates of synthesis and degradation of rat
liver arginase during fasting (left) and change from 70
to 8 per cent casein diet (right), Animals were main.
tained on diels containing B per cent (starvation} or 70
per cent casein for 14 days prior fo the experimental
period, The animals were given single administrations of
“C-guanidino-L-arginine one hour pricr to changs in
dietary status, The loss of isotepe, both tofal and
specific activity, from arginase was followed with time.
The vpper set of bars indicates the total milligrams of
arginase in the pooled sample of four livers (starvation)}
or three livers (change from 70 fo 8 per cent dietary
protein}. The lower set of bars shows the rates of
synthesis and degrodation expressed os milligrams of
arginase synthesized and degraded per gram liver per
observational period. The loss of total radicactivity in
arginase is o measure of degradation. The decrease in
specific radioachivity is & measure of the rate of synthesis.
The basis for these calculations, as well as experimental
details, are given in Schimke (22),

on a fatfree diet for 60 hours show 0.9 milli-
units of acetyl CoA carboxylase activity/mg
protein.

The rates of enzyme synthesis were markedly
affected by the diet. Thus, animals maintained
on the fatfree dier synthesized acetyl CoA
carboxylase at a rate 10 times greater than
antmals starved for 48 hours relative to total
liver protein (Table 4). However, the precipi-
tous decline in enzyme activity that occurs
during fasting is due not only to a decrease in
the rate of enzyme synthesis, but also to an
acccleration in the rate of enzyme degradation,
Thus, as shown in Figure 5, pre-labeled enzyme
decays with a haltlife of 48 hours in the fat-
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Table 4

Synthesis and degradation in nutritional control of
acetyl CoA carboxylase 2

En;y'me
activity
{milliu/mg  Relative®
Nutritional status protein} ks Half-life*
Fat-free diet 14.0 3.0 48 hrs
Purina rat chow 6.0 (1.3)4 48 hrs
Change from fat-free 19 0.3 18 hrs

diet to fasting—148
hours

& Data from Majerus and Kilburn (14).

b Relative rate of synthesis == total CPM precipitated
by specific andacetyl CoA carboxylase antibody/CPM/mg
total protein. *H-lencine was injected intraperitoneally
and animals were killed after 40 minutes,

¢ Half-lives determined as described in Figure 3.

A Relative K, calculated from known enzyme level
and K, as per Equation (3).

free dietary state, whereas during starvation
the enzyme is inactivated far more rapidly
(half-life of 18 hours). The difference in level
of enzyme between fatfrce diet and Purina
rat chow under steady-state conditions (14.0
versus 6.0 milliunits/mg protein), in contrast,
would appear to be related only to an effect
on enzyme synthesis, since Majerus and Kil.
burn found in experiments comparable to Fig-
ure 3 that the halflife of the enzyme is the
same (48 to 50 hours) with both the Purina
chow and fat-free diets. Hence the difference in
enzyme level must be related to the rate of en-
zyme synthesis from Equation (3), (page 24).

Discussion

The pattern that emerges from these studies
is one of continual change in which the rate
at which the steady-state complement of specific
molecules of a particular cnzyme is replaced
varies from several hours to many days. This
fact leads to a remarkable ability to alter selec-
tively the amount of particular protein by alter-
ing the rate of synthesis or degradation or both.
That these rates undergo marked changes in
response to nutritional conditions is shown by the
results reviewed in this paper. In the case of
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Figure 5. Acetyl CoA carboxylase ‘tuvrnover. Rats
weighing 150 to 170 gm were used in these experiments,
Rats fed o fat-free diet for 48 hours were given intro-
peritoneal injections of 250 uCi of *H-leucine, and were
subsequently killed in groups of three, 40 minvtes after
injection (zero fime), and af the subsequent times in-
dicated. In o second experiment, rots fasted 48 hours
were given intraperitoneal injections of 500 uwCi of
3H.leucine; the rats were killed in groups of four at the
times indicated. Acetyl CoA carboxylase was purified
on diethylominoethyl (DEAE)-cellulose columns, ond the
radioactivity incorporated into the enzyme was defer-
mined by precipitation with o specific antibody. The
results are reported as the fotal radivodivity incor-
porated into acetyl CoA carboxylase in each group. Ses
Majerus and Kilburn {14) for details.

both arginase and acetyl CoA carboxylase,
steady-state enzyme levels as affected by diet
were determined by rates of synthesis. Clearly
the stimulus is different, since with arginase,
it is the protein content of the diet, whereas
with acetyl CoA carboxylase, it is the fat content
that is variable. During starvation there were
also marked differences in both enzyme con-
tents, but in opposite directions and by different
mechanisms. Thus arginase activity actually
increased, a result of continued enzyme synthe-
sis, but with a decreased rate of degradation.
With acetyl CoA carboxylase, enzyme activity
fell rapidly, and resulted from both a decreased
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rate of synthesis and an increased rate of deg-
radation.

These results, then, show that regulatory
mechanisms are carefully poised to maintain
enzyme activities appropriate to the nutritional
condition of the animal. Thus we can look
upon the increased levels of arginase and other
urea cycle enzymes (2I) and an entire host of
enzymes involved in amino acid catabolism
(12) that result from high-protein diet as adap-
tive responses to high-protein diet and the re.
quirement for conversion of amino acids to
sources of energy. Likewise the effects of fat
on acetyl CoA carboxylase (I4, 17) and of
dietary carbohydrate on levels of liver glucoki.
nase (16, 28, 29) are other examples of such
adaptation,

Such results raise two types of fundamental
questions at a symposium of this kind. One
is the scientific question of the intimate molecu-
lar mechanisms involved in regulating the rates
of synthesis and rates of degradation of specific
enzymes. Unfortunately, an understanding of
mechanisms in the depth and clarity known for
microbial systems is not available at present
for animal tissues. This is in large part due to
difficulties in using intact animals as experi-
mental systems, difficulties which include the
differences in cell population, the complex in-
terrelationships  between nutritional  variables
and multiple hormones, and the lack of suitable
mutants, Many of the possible mechanisms have
been discussed in two recent reviews (23, 24)
to which the interested reader is referred.

The other question that is raised by these
studies, and onc which is particularly important
to nutritionists, involves why a continual degra-
dation of protein is necessary in higher organ-
isms. Unfortunately again, there is no answer
to this nor to the contention that continual
protein degradation is wasteful of energy. My
own speculations on this stem from an evolu-
tionary argument concerning possible needs
and mechanisms for the breakdown of proteins:
thus, during starvation, where massive protein
degradation must occur, some tnechanism is



required for relatively indiscriminate degrada-
tion which can be turned on and off rapidly.
Out of such a requirement might have devel-
oped the lyosomal system (4). However, such
comparatively indiscriminate degradation of cell
constituents would not be appropriate for that
protein  degradation associated with selective
and relatively specific removal of enzymes no
longer required. Several “solutions” to selec-
tive protcin degradation are possible. Specificity
could have evolved through the elaboration of
proteins specific for the removal of each protein.
Such specific inactivating proteins may well ex-
st in certain cases. However, such a solution
would be “expensive” in a genetic and evolu-
tionary sense, since it would require the exis-
tence of a large number of specific inactivating
proteins as well as the regulatory apparatus re-
quired to recognize when such proteins were
to be synthesized. An alternative solution is
that specificity for degradation exists in the
enzyme itself or in its interaction with ligands.

Only a few nonspecific degrading enzymes
would be required. We can conceive, then, that
during evolution it became necessary to provide
an ability for some proteins to fluctuate in con-
tent more rapidly than others. Thus, for these
protcins whose levels need not change, muta-
tions in peptide sequence leading to increased
stability ## 2izo would be sclected. Conversely,
for those proteins whose levels must change,
mutations leading to an increased susceptibility
to degradation would have been selected. Thus,
although the solution involving the continual
synthesis and degradation of proteins is waste-
ful, this solution would appear to have been
the predominant one to emerge in the mammal.

Obviously, if we could prevent the continual
degradation of protein by suitable nutritional
manipulations or drugs, the saving of protein
foodstuffs would be enormous in terms of total
world food requirements. Clearly this is an area
that deserves far more research and attention.
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DISCUSSION

Chairman Cohen: What has been revealed
this morning is that the liver in particular, and
the whole organism to one depgree or another,
are constantly undergoing change, and that this
state of continuing change is very responsive to
dictary influences.

Soberén: I have a question for Dr. Potter in
regard to the rhythm of tyrosine transaminase,
It has been proposed that the eyclic variation of
polysome aggregation might have something to
do with the cyclic variation of tyrosine trans-
aminase. However, | well remember that in
Dr. Potter’s 8-+40 schedule there are two dis-
tinct peaks in tyrosine transaminase, and T do
not know how to reconcile the observations by
Munro of the polysome aggregation and the
enzyme activity of tyrosine transaminase de-
scribed by Dr, Potter.

Potter: Dr. Soberdn is referring to the fact
that in the animals on the 8 plus 40 regimen,
where they are fed for eight hours and fasted
for forty hours, there is a peak of second syn-
thesis which occurs when there is no foed in-
take. About the only thing that I can say to
your question Is that we know that the second
peak is dependent upon the status of the ad-
renals, It requires the intact adrenal glands,
whereas the first rise docs not. The first rise
will occur equally well in the absence of the
adrenal gland. We think that it is due to the flux
of amino acid, so we belicve that we can sepa-
rate the effect of the amino acid flux from the
status of the adrenal. We have not personally
studied the polysome pattern at this point.

Neel: I should like first to compliment the
three speakers on the excellence of their presen-
taticns. I noted that one of Dr, Porter’s slides
was headed “We can influence gene activity,”
a heading that doesn’t seem to have carried
over into the material reproduced for the Sym-
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posium. It is true that we can influcnce gene
activity, but I wonder if we could have a few
comments on the extent to which, on the other
hand, genetic differences are setting individual
limits to the activities that we wish to influence.
More specifically, I missed the basis for the
curves we saw, such as the numbers of animals
involved, and to what extent inbred strains
were used,

Some of the prescntations attached errars to
the points on the curve. Were these standard
errors or standard deviations? If some of them
were standard errors of the means they imply,
the standard deviations must have been very
large indeed.

We do have knowledge of some cxtreme
cases of individual differences in this field:
the inability to metabolize phenylalanine that
we recognize as phenylketonuria or vitamin D
resistant rickets, which can be overcome with
doses of vitamin I about 100 times the normal
intake. But what do we begin to know about
lesser, but possibly meaningful individual vari-
ations in the emerging ficld we have been dis-
cussing this morning?

Potter: With regard to the caption on the
slide, and not in the text, it was not any kind
of a retreat from a position, but it is a fact that
the text has a legend with it, and so the caption
would be redundant.

The implied question, however, is whether
we are or arc not limited by the inherited
genome, On that point T am sure that there is
not any difference between us. We certainly
recognize that we can only modulate gene ac-
tivity within limits. In other words, the genome
provides the potential for the individual and we
can only modulate within the potential which
the genome contains, but we recognize, as you
do, that individuals may vary in the genes that



regulate the response of other genes, and not
just in those regulating the enzymes we study.
Actually, I am most concerned with the ques-
tion of achieving the optimum for any indi-
vidual genome. That is what we should all be
striving for, and pot merely what is the mini-
mum nutritional requirement for a hypothetical
average man.

Now, with regard to the question about the
standard error: it is indeed the standard error
and not standard deviation. The variation is
very great because, in general, most experiments
involved only three animals per point, so the
standard error is a very rough kind of a figure
{since n—1=2). However, we believe that the
straight statistical analysis of a situation in terms
of the variance at a given peint has to be looked
at in relation to all of the other data in the
experiment, so that if you have a time curve,
or a curve expressed as a function of per cent
protein in the diet, the average of three animals
or four animals docs not stand by itsclf alone,
but is buttressed by the three animals to the
left of it, and the three animals to the right
of it on the curve. In some of our curves which
you saw, we had standard errors in both direc-
tions so that it is buttressed in two dimensions.
The places where you see the large brackets are
frequently at transition points. It gets too com-
plicated on a graph of this kind to show all the
individual animals,

Now, with respect to your question about
the inbred strains. We have been using the
Charles River rats for a great many of our
experiments. We have also used Buffalo rats
which are inbred. We used the Holtzman rats
which are not strictly inbred, but we have made
comparisons between Buffalo rats and Holte-
man rats and we got quite similar responses.
Perhaps Dr. Neel's questions regarding indi-
vidual variability could be answered by a more
detailed discussion of the data involving two
parameters. We have strong indications that
the variations are not experimental error alone,
but truly represent individuality in the animals.
This can be seen when we attempt to correlate
“one parameter with another,
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Waterlow: I would like to comment on some
of the last remarks of Dr. Schimke. IHe gave
us details about turnover of liver protein and
liver enzymes and indicated in his final re-
toarks that he autached particular importance
to the turnover of enzymes in the liver as a
part of the regulatory mechanism, T am sure
that this is true because, after all, the liver is
the first to reccive the amino acids, On the
other hand, from the point of view of the nu-
trition of the whole animal, we must recognize
that the turnover of other proteins, particularly
those of muscle, is quantitatively very impor-
tant. Recent results from our unit (Millward,
in press) show that in the rat the turnover
rate of the myofibrillar protein has a halfife of
about eight days—only four times as long as
the average liver protein, This is the highly
organized structural muscle protein. Quantita-
tively there is so much of it that it accounts for
as much turnover as the total protein of the
liver, if not more. Furthermore, it is extremely
sensitive to dietary changes. Fasting will
rapidly increase its catabolic rate and reduce its
synthetic rate. What seems to me very tys-
terious is how the muscle knows what to do.
How does this information get to it? Is it in
some way controiled by the liver?

From the point of view of the whole animal,
the flux of amino acids from internal turnover
represents a very large supply of substrates for
energy production, and, therefore, a vulnerable
one when there is a shortage of food. Dr.
Potter’s slide showed that in the rat, after food
is removed, liver glycogen fell from ahout 50
mg per gm to nearly zero. Ina 100 gm rat,
this would correspond to about 250 mg glyco-
gen. The turnover rate of adipose tissue in the
rat is said to be about 10 per cent per day,
cquivalent to about 1 gm fat per 100 gm rat
The turnover of protein is about 2.5 gm per
100 g body weight per day (Waterlow, 1968).
Thus the amounts of energy available from
internal turnover in the post-absorptive state
would be roughly: From liver glycogen 1 keal
(muscle glycogen is much less reduced than
that of liver, and, therefore, I have ignored it);



from fat 9 keals; from protein 10 keals, or half
the total. If one supposes that the body tends
to use whatever fuel is most readily available
for energy proeduction, then the rapid response
of the catabolic enzymes, such as the tyrosine
transaminase described by Dr. Potter, is ex-
tremely important for the amino acid economy
of the animal. In this respect, I am inclined
to think that the main problem is not so much
the conservation of amino-N as the conserva-
tion of the carbon skeletons of the essential
amino acids.

Schimke: Perhaps I could go back for a
moment to Dr, Neel's comments. He mentioned
inbred rats. We have explored in the last
several years the use of inbred mouse strains
for various studies, not so much on nutrition,
but on regulativn of enzyme levels in animal
tissues. Although the rat has been the standard
animal for any number of studies, I think
inbred mouse strains represent a tremendous
source of material for this type of study because
of the potential interplay of nutritional aspects
with genetics,. As T am sure many of you
know, there are a number of genetic defects
that can be explored in inbred mouse strains.

I would also like to know about the mecha-
nisms and control, in general, of the breakdown
of proteins. I did not want to give the impres-
sion in my presentation that the only protein
breakdown of significance takes place in the
liver, because, cbviously, muscle is where the
major breakdown occurs. How breakdown is
regulated is very difficult to study, and I do not
think, even now, that it is exactly clear what
the normal process for breakdown of protein
is. Is it simply a hydrolytic cleavage of the
peptide bond? Does it occur only in lysosomes?
Ts there any conservation of the energy in the
form, for example, of amino acyl-tRNA being
an intermediate? These are some of the ques-
tions that arise. Exactly how a muscle knows
when to break down proteins is again part of
the general question of what regulates protein
breakdown. My owa fecling would be that it
is not unlikely that there is a hormonal in-
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fluence here just as there is in any number of
interactions of different tissues, but exactly
what, I would not know.

Neel: I did not refer to the use of inbred rat
or micc strains with any great approbation but
merely as a question of fact. In using these
inbred strains one, of course, has sacrificed a
great deal of the variability within inbred
strains, It is very interesting to speculate on
how much greater the variability might be if
one used crossbreeding strains.

Chairman Cohen: One point relevant to the
whole purpose of this discussion has emerged
and that is the considerable variation of enzyme
levels in individual animals. This deserves
emphasis since one has a considerable degree
of control of the selection and condition of the
experimental animals and the conditions under
which assays are carried out. On the other hand,
there is a popular impression, widely accepted
in some areas, that a fixed set of values for
nutritional standards for humans exists, which
can be used to determine whether individuals
or groups are “well” or “malnourished.”

Potter: I am addressing myself to Dr. Neel
again with regard to the liver. Of course, my
main interest is the cancer problem, and we
have a whole series of what you might call
inbred strains of hepatomas, which are serially
transplanted and supplied to us by Dr. H. P.
Morris. They are almost like mutant livers,
without commenting on the connotations of
that remark. However, the fact is that we have
hepatoma lines, which are permanently set at
a high level of amino acid transport and at a
high level of tyrosine aminotransferase. We
have another series of hepatoma lines at the
other end of the spectrum and we bave a
whole series in between. We can take a hepa-
torna that is at the low end of the spectrum—
almost zero, with respect to the enzyme tyrosine
aminotransferase, and at a very low level of
amino acid transport. It does not respond to a
60 per cent protein diet. It does not respond
to hydrocortisone. We recently published a
paper on “the induction of a previously non-



inducible enzyme™ in this hepatoma line by
stimulating it with glucagon under certain
conditions. We can turn on the “pump” and
turn on the synthesis of the enzyme, so this
gets back to the question of individual varia-
tions in animals: How much is due to built-in
levels of repression due to action of regulatory
systems? ‘There are animals set at a lower level,
such as we saw in the hepatoma, that have
greater need, shall we say, for more glucagen
or the like,

Hoffenberg: Dr. Schimke has shown that all
the urea cycle enzymes are reduced in relation
to low protein diets. Now my question is,
“Does he have any information about the time
sequence of these enzyme reductions?” T ask
this because a primary reduction in carbamyl
phosphate synthetase, for example, might result
in less available substrate for later enzyme ac-
tion, so that reduction of late urea cycle activity
might be seen as a secondary effect. Conversely,
if one has a primary effect on later enzymes, one
might expect build-up of earlier substrates and
induction of their enzymes. Is there any ev-
idence of time change?

Schimke: The sequence of change is that the
first four enzymes change in about the same
fashion, so the major change occurs in three
days. Thus, it is not as if CPS increases in a
day, or two, and the others change three or
four days later. Arginase, the fifth, and last
enzyme of the urea cycle, changes the least of
the enzymes, and changes the most slowly. I
would guess, although we have not done any
experiments, that this might be related to the
fact that arginase is turning over less rapidly
than the other urea cycle enzymes.

Chairman Cohen: We have found that the
half-life in a different animal system is of the
order of 60 hours for carbamyl phosphate syn-
thetase (CPS) and 90 hours for ornithine trans-
carbamylase. We are now in the midst of
stadies to determine the halflife of the other
enzymes of the ornithine-urea cycle in tadpole
livet. The point that needs to be made is that
the ratelimiting concentrations of enzymes for
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the overall process of urea biosynthesis are de-
termined by the concentrations of CPS and
arginino succipate synthetase, The other en-
Zymes are present in relative excess and there-
fore their variations, within rather wide limits,
are going to have a lesser effect on the overall
process than the levels of these two enzymes.

Waters: In one of Dr, Harper’s slides, he
indicated increased levels of the liver enzyme
uracanase associated with increased protein
intake. We (Waters, Mollin, and Dawson, un-
published observations} have noticed a marked
increase in the urinary excretion of urocanic acid
after oral doses of histidine in women with the
ctinical syndrome of Anorexia Nervosa, which
is a sclf-imposed dietary restriction. As you
know, this also occurs in patients with kwashior-
kor, and in some patients following partial gas
trectomy with a kwashiorkor-type syndrome.
Does this indicate a fall in the level of urocanase
in the liver of such patients? and serondly, Has
Dr. Harper had the opportunity to measure the
level of urocanase in the liver under these
conditions?

Harper: We havent had an opportunity to
measure the levels of these in human tissues.
Under conditions of starvation, as I remember,
they are not as responsive as some of the other
enzymcs of amino acid degradation.

Turning to the problem raised earlier, one
should recognize that people studying nutrition
do take note of individual variation. Even in
the

the carly studies of amino acid requircments,
Rose noted that, although the average wuypto-
phan requirement was about 150 milligrams
per day, onc individual appeared to require
250 milligrams. Moreover, studies at Cornel
by Nesheim on strains of chickens have shown
quite substantial differences in the arginine re-
quirement of two strains of chickens; these
chickens also rcspond differently to an antago-
nism between lysine and arginine.

Finally, in relation to Dr. Waterlow’s com-
ment about the relatively high total amoeunt of
energy that could become available from turn-
over of amino acids, the question is: To what



extent do the amino acids that are turning over
rapidly serve as a source of energy, and to what
extent are they merely reincorporated into the
proteins without escaping from the cell?

Waterlow: I think that the extent to which
they serve as a source of energy depends on the
level of protein intake and, of course, on the
rest of the diet. Qur evidence with N-15 amino
acids in humans shows that of the total amount
of amino acid entering the pool—mainly from
internal turnover—the proportion which is oxi-
dized varies from about five per cent on a
maintenance level to about 30 pér cent on a
high protein intake,

As regards the second point, the scanty data
avajlable suggest that in the rat, on a normal
protein intake, about 50 per cent of the amino
acids liberated by catabolism in the liver fs
immediately reutilized, probably in the same
cell (Aub, M. R, and ], C. Waterlow. | Theor
Biol 26: 243-250, 1970). In muscle, this figure
is about 10 or 20 per cent less. The difficulty
is that at the moment [ do not think it is really
pussible—I am sure Dr. Schimke would agree
with this—to distinguish exactly between reuti-
lization in the same cell of amino acid, which
has not yet penctrated into the general circula-
tion, and reutilization of amino acid which has
circulated from one tissue to another. The
former is calculated by us on the assumption
that the amino-acid pool in the cell is homog-
eneous; this assumption is undoubtedly wrong,
but how wrong, is anybody’s guess.

Schimke: It appears that in HeLa cells one
finds as much as 80 per cent reutilization of
amino acids; this would he in a sitzation where
the amino acid is not getting outside the cell,
s0 that reutilization can be extremely extensive
within the same cell.

Arroyave: To return to the question of indi-
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vidual variability, there is a difference between
animal and human experiments. In the first
instance, investigators can largely control con-
ditions, such as light and dark, and breeding
strains, With human subjects, it is much more
difficult to standardize a sample. Dr. Harper
mentioned the work of Rose on amino acid
requirements, and it is a good example. Re-
cently, we have tried to estimate protein require-
ments of children between two and three years
of age. The studies involved four normal chil-
dren who were completcly free of obvious
clinical pathology. In a longitudinal design,
we put the children in a metabolic ward on
diets of differing amounts of egg protein, and
under very standardized conditions, as one
would when performing a rat experiment.
After three months, we found a large varia-
bility in the estimated protein intake required
to maintain normality in certain biochemical
patameters and growth. In examining some of
the “hidden” data that had been registered, it
was discovered that those children who had
more repeated infections during the study were
the ones who also needed meore nitrogen, that is,
more protein, to meet their protein requirement,
judging from the variables mcasured. This was
something we could not control. Again, two of
the children were sick more often than the
other two under the same conditions of met-
abolic unit care and this greatly increased the
variability, Although some variability may be
genetic, there was obviously a very large un-
controllable environmental component in the
experiment. An additional problem in human
experiments is that they usually involve a very
small number of individuals—two or three in
each group—which makes the standard sta-
tistical estimates of variability more difficult to
interpret.



DIETARY AND HORMONAL EFFECTS ON LIVER GLUCOKINASE'

Hermann Niemeyer

The general concept that the enzyme pattern
of rat liver is modified by changing the nature
and the amount of food offered to the animal
seems to be well-founded. Normal activities of
several enzymes, for example, depend on the
appropriate supply of either protein, carbohy-
drate, or both. This observation derives in part
from experiments performed in our laboratory,
in which only one nutrient was given at a time,
or two nutrients were fed in different propor-
tions to adult rats during a constant siz-day
period (27). All the experimental diets con-
tained the same amounts of salts and vitamins
per calculated 100 calories. Intakes were re-
stricted to approximately isocaloric values by
giving 50 kcal of the diet daily.

From these studics, adenosine triphosphate
(ATP): hexose phosphotransferase appears to
be a very sensitive enzyme with regard to the
supply of carbohydrate, inasmuch as maximal
activities are observed only when this nutrient
is present in the diet (27, 39) (Figure la}.
When proteins are the sole source of calories,
a marked reduction in enzyme activity is ob-
served. If fat substitutes for protein in varying
proportions, a more accentuated diminution is
attained (27). The enzyme activities are in
terms of 100 gm of body weight, and the body
weight selected for reference is that of the
animals in the last commeon condition, that is,

Y The work reported in this paper was supported in
part by research grants from the University of Chile,
the Rockefeller Foundation, and the United States
Public Health Service.

when they start the experimental diet. There
is a very pood correlation between the specific
activities of the phosphotransferase (units per
gram of liver protein) and the proportions of
carbohydrate in the diet (Figure 1b}. In fact,
the specific activities are about the same whether
carbohydrate is replaced cither by protein or by
fat, in spite of the great difference in total liver
proteins under these two dietary conditions.
o-Glucan phosphorylase follows the same pat-
tern as hexose phosphotransferase (23, 27).
Other enzymes whose levels appear to depend
on carbohydrate supply, such as uridine diphos-
phate glucose (UDPG), glucan transglucosylasc
(19), and pyruvate kinase (I4), and perhaps
phosphofructokinase, could most probably be
included in the same group.
Phosphoglucomutase is an example of an
enzyme that requires a certain amount of pro-
tein in the dict in order to be maintained at
normal levels (27). If carbohydrate or fat sub-
stitute for up to 80 per cent of the calories con-
tributed by protein, the same levels of activity
as in the livers of rats fed the 100 per cent
protein diet are observed (Figure 2a). The spe-
cific activities remain approximately the same
under the various dietary conditions (Figure
2b). This behavior has been considered to be
the result of a nonspecific effect of dietary pro-
teins (27), since enzymes closely follow the
total liver proteins, which increase when the
amount of dietary protein augments (16, 27).
The effect may result from a general activation
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Figures Ja and 1b. ATP; hexose phosphotransferose ac-
tivities in liver as function of diet, Rats were fed for
six doys isocaloric diets with wvariable proportiens of
protein, carbohydrate, faf, and constant amounts of
vitamins and minerals, From Pérez, Clark-Turri, Rabaijille,
and Miemeyer (27).

of protein biosynthesis depending on the cell
amino acid pool. Glucose-6-phosphatase and
few other enzymes so far studied behave simi-
larly (186, 27).

The specific activities of a rather large group
of enzymes concerned with the metabolism of
amino acids increase markedly as the protein in
the diet increases (16, 27, 33, 35), and appear
to be the result of a specific effect of dietary
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Figures 2a and 2b, Phosphoglucomutose  acfivities  in
liver as function of diet, The same animals as in Figures
1a and 1b were vsed. From Pérez, Clark-Turri, Rabkdjille,
and Miemeyer (27).

proteins (27). Several oxidoreductases follow
the same pattern (15, 16, 40).
Glucose-6-phosphate dehydrogenase and phos-
phogluconic dehydrogenase are also dependent
on the protein supply (27). However, carbo-
hydrates represent a valuable complement, inas-
much as the maximal activities are ohtained
with a diet composed of both protein and carbo-
hydrate (Figure 3a). When fat substitutes for
either protein or carbohydrate, the enzyme
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Figures 3a and 3b. Glucose-6-phosphate dehydregenase
activities as function of diet, The same animals as in
Figures 1a and 1b were used. From Pérez, Clark-Turri,
Rabadjille, and Miemeyer (27).

activities reach very low levels. However, the
specific activities of both enzymes are aug-
mented as the protein content of the diet in-
creases to 80 per cent of the calories when the
complementary nutrient is carbohydrate (Figure
3b). We are not aware of other enzymes that
follow the same pattern,

The total content of several other liver en-
zymes (per 100 gm of body weight) is not sig-
nificantly altered by changes in the nature of
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the diet, as is the case of glucosephosphate iso-
merase (27), and probably as is the case in the
sequence of enzymes responsible for the can.
version of 3-phosphoglycerate into pyruvate
(39).

A method that appears to fulfifl the requisites
for the detection of specific effects of dietary
compounds is the administration of a single
food {or a combination of two or more in dif-
ferent proportions) to animals that have been
stabilized on another diet not containing that
particular substance, or simply to animals fasted
for several days. This approach seems to be
especially adequate when enzyme activities
change rather abruptly. With this pracedure it
has been demonstrated very clearly that only
glucose is required for glucokinase (17, 21, 27)
and phosphorylase (22) induction after a carbo-
hydrate-free diet or after fasting, whereas both
protein and carbohydrate are necessary for the
induction of glucose-6-phosphate dehydrogenase
after fasting (27, 32). The participation of
amino acids in the induction of serine dehydra-
tase after protein depletion has also been studied
by this procedure (29}, For the sake of sim-
plicity, the term induction will be used to indi-
cate a selective increase in enzyme activity that
appears associated with a de novo synthesis of
protein, and that may result from changes in
the relative rates of synthesis and degradation
of the enzyme.

Actually several mechanisms responsible for

may be superimposed, making the interpreta-
tion of the effect of dictary constituents on
cnzyme activities difficule. In fact, the actual
mechantsms of enzyme regulation in mammals
are poorly understood at present. As recognized
very eatly in our excursion into this subject
{I7), an outstanding complication is introduced
in multicellular organisms by the existence of
the endocrine glands, Changes in the dier evoke
alterations in the balance of the endocrine sys-
tem, promoting the secretion of some hormones
and blocking the secretion of others. It is now
established, on the other hand, that disturbances



of the endocrine balance bring about changes
in the enzyme content of the liver. In addition,
the presence of an endocrine gland is necessary
sometimes to permit changes in the enzyme
pattern to occur after the administration of a
nutrient. In other cases, however, the effect of
the nutrient appears to be rather independent
of the endocrine system. The participation of
the endocrine system appears complicated by
the fact that very often more than one hormone
acts as an inducer of a particular enzyme, prob-
ably through the operation of different mecha-
nisms and other hormones act antagonistically.

The following discussion will be coneentrated
on the interactions of hormones and dictary
gliucose in the induction of glucokinase in rat
liver. Glucokinase is one of four isoenzymes
that catalyze the phosphorylation of glucose in
the liver (7, 8, 73) and appears to be the single
one affected by modifications in the diet (8, 34,
36, 41). Carbohydrate deprivation causes a
rather slow fall in glucokinase activity that is
quickly reversed by glucose (18, 21) and to a
lesser extent by other carbohydrates (20, 30,
36). Changes in the supply of carbohydrate
lead to disturbances in the endocrine balance.
Thus, glucose stimulates insulin release (3, 9,
12y and, in fact, not only glucoss, but also
insulin is essential to maintain  glucokinase
activity and to initiatc the induction of the
enzyme (2, 6, 22, 34, 36, 37, 41). 'The crucial
problem that emerges is to have unequivocal
evidence of whether the agent that causes the
modification in the enzyme content is the
nutrient or is the hormone. Glucose and insulin
seem to act together at the transcriptional level,
since neither the substrate nor the hormone
alone appear to permit the accumulation of a
postulated messenger ribonucleic acid {RNA)
(18). This can be deduced from the following
observations made in alloxan diabetic rats
(Figure 4): Actinomycin D elicits a complete
block of glucokinase induction when admints-
tered to the animals at the initiation of the
induction promoted by the simultancous supply
of carbohydrate and insulin; however, the anti-
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biotic inhibits only slightly the rate of induction
when injected after several hours of induction
{Figure 4a). The same type of responsc has
been observed in normal rats when given carbo-
hydrate after a carbohydratefree diet (20). The
injection of actinomycin after four hours of the
scparate actton of glucose or insulin blocked
completely the subsequent induction of gluco-
kinase by insulin or ghicose, respectively (Fig.
ures 4b, 4c). These experiments seem thus to
indicate that during the interval of several hours
of separate action of either glucose or insulin,
there was no accumulation of messenger RNA,
which could be active at the second period when
both agents, substrate and hormone, werc
present. If glucose or insulin had acted alone as
inducer at the transcriptional level, and the com-
plementary agent only at the translational level,
one would expect that actinomyein did not black
the induction completely when insulin or glu-
cose were given after a previous treatment with
these two, respectively.

Interrelations between glucose and  insulin
effects may explain peculiarities of the kinetics
of ghicokinase induction by glucese in normal
animals. When glucokinase induction is elicited
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Figures 4a, 4b, 4e. Effect of separate or simuvltaneaus
treatment with coarbohydrate and insulin on glucekinase
induction in [liver of alloxan-diabetic rats fed o earbo-
hydrate-free diet. Inflvence of acfinomycin D injected
intraperitoneally ot times indicated by oarrow A,
{i=controls without glucoss and insulin; O = rats
treated only with carbokydrate; @ — animals treated enly
with insulin; @ — animals that received beth insulin and
carbohydrate. From Miemeyer, Pérez, and Rebajille (18,



by a load of concentrated carbohydrate solution
repeatedly given by stomach tube, a detailed
study of the kinetics of the induction shows
that after several hours of enzyme increase
there is a detention for a few hours (5). There-
after, the induction continues until the final
steady state is reached (Figure 5), This inter-
ruption of the inducton is interpreted as the
consequence of a transient exhaustion of the
pancreas B-cells caused by the Joad of carbo-
hydrate. The enzyme induction would reassume
when newly synthesized insulin was available,
In support of this interpretation is the fact that
the transient detention of glucokinase increase
is prevented by the administration of exogenous
insulin together with the carbohydrate (Figure
5). The assay of blood and pancreas insulin is
certainly needed to place this hypothesis on a
more rigorous basis.

Glucocorticoids and perhaps other hormones
modulate the rate of glucokinase induction.
Thus adrenal glands are not required for the
induction (20, 4I), but the rate of enzyme in-
crease 15 lower in adrenalectomized than in
sham-operated rats (20), and can be brought
to normal values by the administration of
cortisol (Figure 6). The importance of gluco-

Glucose+insulin

Giucokinase {units/100 g bw.}

. g High fat die!%
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figure 5. Kinetics of glucose-mediated glucekinase in-
duction and effect of exogengus insulinn O = rots
fed a carbohydratefree diet for six days were given a 20
per cent glucese and 30 per cent dextrin solution by
stomach tube every four hours, ®—=In addition, rats
similarly treated received erystalling  insulin
peritoneally, From Chamorre and Schillkrut (5).
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Figure 6. Effect of odrenalectomy and administration of

cortisol on glucokinase induction. The animals were fad
a balanced diet for six days after surgical operation and
a carbohydrote-free dlet for o subsequent period of four
days. Some rats were injected with cortisel during the
last period. Carbohydrate was given by stomach tube
three and six hours before the rats were killed. From
Niemeyer, Clork-Turri, Pérez, and Rahagjille (20].

corticoids in the modulation of the adaptive re-
sponse of several liver enzymes to diet has been
recently pointed out {25, 26). After hypophy-
sectomy, a decrease of liver glucokinase is
observed compared to sham-operated animals
(1), and it has been briefly reported that the
adaptive increase in glucokinase after glucose
feeding does not occur in hypophysectomized
rats (28). When physiological doses of cortisol,
thyroxin, and testosterone are given in order to
compensate for the atrophy of the respective
secreting glands due to hypophysectomy, normal
values of glucokinase are, however, maintained.
Animals so treated show a decreased gluco-
kinase activity after being fed a carbohydrate-
free diet, as occurs in intact animals or in the
sham-operated controls, and glucokinase induc-
tion ¢an be elicited by administration of glucese
(Figure 7). Although the final levels of gluco-
kinase in the hypophysectomized rats (supplied
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Figure 7. Effect of hypaphysectomy on glucokinase in-
duction. Hypophysectomized and shom-operated eots

were kept on a stock diet for four days after surgical
operation, and then fed a carbohydrate-free diet for six
days. The hypophysectomized rats received physiclogical
doses of cortisol, thyroxin, and testosterone daily, Gluco-
kinase induction was elicited by the administration of a
carbohydrate solution every four hours. From Niemeyer,
Pérez, Zamorano, and Rabajille (unpublished).

with cortisol, thyroxin, and testosterone) are
normal, the rate of induction is slower than in
the sham-operated animals (Figure 7), suggest-
ing that somatotrophin is another medulating
hormeone for glucokinase induction,

Glucagon and catecholamines (epinephrine,
norepinephrine, isoproterenol) inhibit glucoki-
nase induction (24, 30, 38). This inhibition is
complete when the hormones are administered
at the initiation of induction, but not if given
when induction is already in progress when
only a slight decrease in enzyme increase is
observed (Figure 8). The effects mimic those
of actinomycin D referred ro above. These
results may be interpreted as hormonal effects
at the transcriptional level of protein synthesis.
The effects of glucagon and catecholamines are
most probably mediated through cyclic AMP,
since the dibutyryl derivative of the nucleotide
prevents the induction of glucokinase (28, 38)
(Figure 9). From the work of several investi-
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Figure 8, Effect of epinephrine an glucokinase induction,
Rats fed for six days with a carbohydrate-free diet
received carbohydrate by stomach tube every four hours.
O =rats treated with epinephrine subcutaneously,
starting at the initiation or after four hours of induction.
From Ureta, Radejkovié, and Niemeyer (38).

gators, it can be seen that glucagon and cate-
cholamines, as well as cyclic AMP can act as
inducers of several enzymes in addition to their
role in regulating enzyme activity (42, 43). The
inhibition of glucose-mediated glucokinase in-
duction constitutes, perhaps, the first example
of the selective repression of enzymes by thase
agents.,

Glucagon and catecholamines can be con-
sidered to act antagonistically to insulin, and
it is reasonable at present to accept the fact that
this antagonism in the metabolism of the target
cells may be exerted through the participation
of cyclic AMP. In the case of the regulation
of enzyme synthesis, there appears also to exist
an antagonism between insulin, on one hand,
and glucagon and catecholamines on the other.
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Figure 9. Inhibition by various doses of dibutyryl eyclic

AMP of glucose-mediated glucokinase induction. Rats
fed for six days with o carbohydrote-free diet were
given a carbohydrate solutien every four hours and
killed sight hours after initintion of this treatment. Seme
of the animals were injected with o single dese of the
cyclic AMP derivative by the intraperitoneal route. From
Ureta, Radojkovit, and Miemeyer (38).

Thus glucagon, catecholamines, and cyclic AMP
(or the dibutyryl derivative) act as inducers of
phosphoenol  pyruvate carboxykinase, and in-
sulin blocks their actions acting .as a repressor
(42, 43). Their effects are the opposite in the
case of glucokinase, There is one exccption,
and that is liver tyrosine aminotransferase, which
is induced, probably through different mecha-
nisms, by glucagon, epinephrine, and cyclic
AMP, as well as by insulin (10, 71, 42).
The mechanism of the interplay of the thre
hormones in the case of glucokinase induction
is complicated in the intact animal by the fact
that there are interactions of the hormones in
the liver cells as well as in the pancreas S-cells.
The secretion of insulin is under the control of
blood concentrations of glucose, cpinephrine,
and glucagon (3, 9, 12, 31). Under normal con-
ditions, epinephrine inhibits insulin secretion
acting via g-receptor interaction, its effect being
prevented by g-adrenergic blocking agents (31).
On the other hand, glucagon, the activation of
B-receptors, and various experimental conditions
that lead to an increase in the intracellular con-
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centration of cyclic AMP, prompt insulin se.
cretion ({2, 31). As insulin is an obligatory
requirement for glucokinase induction, it could
be postulated that part of the repressive effect
of catecholamines is mediated through a mecha-
nism involving a blockade of insulin secretion
{38). Insulin counteracts about 50 per cent of
the inhibition by epinephrine of glucckinase
induction (38). On the other hand, the inhibi-
tion caused by glacagon (24}, or by dibutyryl-
cyclic AMP (38) is not reversed by insulin, If
catecholamines and glucagon, on one side, and
insulin on the other, interact in the liver cell
to regulate the synthesis of specific proteins
through modifications in the concentration of
cyclic AMP, it is puzzling that insulin does not
counteract the inhibition of glucokinase induc-
tion by glucagon and does not reverse com-
pletely the inhibition by epinephrine. The fact
that the inhibitton caused by dibutyryl cyclic
AMP is not counteracted by insulin would be
in line with the idea that there is no neutraliza-
tion of the nucleotide action by insulin or by
any substance produced under the hormone in-
fluence, as has been postulated to explain other
observations (4).

In view of the extreme complexity of the
whole animal that makes the interpretation of
several observations very difficult, it appears
highly desirable to test hormones and substrate
in a more simple system, such as the isolated,
perfused liver, or cells in culture, Unfortunately
our efforts, as well as those of others in the
field, have been unsuccessful uniit now in de-
veloping #n vitre systems capable of inducing -
glucokinase.

Several years ago, studies of the adaptation
of animals to variable diets at the enzyme level
were begun, and attempts to understand the
underlying mechanisms have involved us in
the interaction of hormones in the regulation
of enzyme synthesis.
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THE PHYSIOLOGICAL SIGNIFICANCE OF TISSUE ENZYME

ACTIVITIES AS AFFECTED BY DIET

Guillermo Soheron

Intreduction

Living organisms take substances from the
environment and submit them to sequential
transformations through chemical reactions cata-
lyzed by enzymes. The products of the trans-
formation are eventually excreted into the sus-
rounding medium. As a result of such a process
—intermediary metabolism—the energy con-
tained in chemical bonds is released and par-
tially trapped by specific mechanisms, thus be-
coming available for use when required by the
biological system. In addition, some of the me-
tabolites formed serve as the building blocks
used by the organisms to construct their own
material. Hence, nutrients taken from the out-
side have great importance for the growth, func-
tioning, reproduction, and survival of living
organisis.

A given chemical reaction takes place in a
biclogical system depending on the presence
of a specific enzyme. The enzyme, in turn,
can be produced by the system if it possesses
the corresponding information in its genome,
and if this can be expressed. Thus, the genetic
information indicates a potentiality to carry
out certain chemical reactions, but does not, by
any means, imply that such reactions will be
performed. This possibility is under the com-
mand of mechanisms belonging to the process
known as metabolic regulation. The process
involves, in addition to the transcription of the
genetic information, other levels of control

45

where a key role is played by metabolites and
nutrients that give rise to them. Metabolic regu-
lation is mandatory for a biological system to
function efficiently and harmoniously.

During the past two decades, many outstand-
ing contributions have been made which are
advancing our understanding of how biclogieal
systems operate. Some basic concepts pertaining
to metabolic regulation have been worked out
employing microorganisms. These have been
utilized in view of their relative simplicity com-
pared to higher organisms. However, there has
been an all wo frequent tendency to extrapolate
indiscriminately concepts developed from micro-
organisms to explain adjustments in the highly
complicated machinery for the regulation of
the intermediary metabolism of higher orga-
nisms.

Schimke {12}, among others, has repeatedly
introduced a note of caution in this respect. He
has objected to the careless use of terms such
as induction and repression to indicate increases
and decreases of enzyme activity, without being
sure, in many cases, that they obey mecha-
nisms well-cstablished in bacterial physiology.
There are, for example, significant differences
between the prokariot and eukariot organisms.
Prokariots have their naked genome in direct
contact with the cytoplasm; during their ex-
ponential growth, proteins do not turn over,
they are synthesized, and the “excesses” are
diluted by the increasing cell mass and numbers;



the messenger ribonucleic acids (mRNAs) are
generally short lived; in many instances the
genes responsible for the synthesis of enzymes
participating in a given metabolic path are
clustered in the genome. In contrast, cukariots
have their genome mainly confined to the
nucleus  (functioning deoxyribonucleic acid
(DINA) has been localized in other subcellular
particles}; their protein turnover and excesses
are disposed of by catabolic breakdown; the
ribonucleic acids (RNAs) generally have a long
life, and clusters of genes linked in metabolic
paths are not frequent. In animal cells there is
a rapid turnover of intranuclear RNA and
DNA has become redundant to a great extent.
Cell differentiation has brought about homeo-
stasis, therefore, it has been necessary to put
into operation supracellular mechanisms of met-
abolic regulation, namely, the central nervous,
and the endocrine systems. It suffices to say, in
connection with the matter being discussed, that
the increasing complexity built up by biological
evolution has made it mandatory for higher
organisms to resort to other levels of regulation
and organization than those found in simple
microorganisms. Hence, even though the infor-
mation obtained from these cannot be directly
extrapolated from the former, it can provide
solid grounds for a starting point for a better
knowledge of mechanisms involved in their
metabolic control.

There is another difference between micro-
organisms and higher organisms that it is im-
portant to point out. Microorganisms take up
nutrients from an environment to which they
are constantly exposed, while higher organisms
have developed a pattern of intermittent feed-

ing. Thus, they have to cope with the stress of

a load of nutrients to which they are periodically
subjected.

The changes in enzyme activities of living
organisms provoked by influences originating
in the environment are referred to as metabolic
adaptation. It is well-substantiated that the
quality and quantity of ingested food produces
changes in the enzyme activities of different
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tissues and organs. It is beyond the aim of this
paper to review them extensively. Instead,
consideration will be given to some aspects of
the variations of tissue enzyme activities, bear-
ing more on their physiological significance, and
on the limitations of interpretation of in witro
studies toward an understanding of the function
of the intact animal. Tt should be kept in mind
that the effects of a lack of or an excess of
nutrients and composition of diet are intimately
interconnected with influences exerted by neural
and hormonal factors and these are difficult to
distingnish. The direct participation of neural
factors in the regulation of tissue enzyme activi-
ties 15 proved by the work of Shimazu and
Fukuda (119), who found that the stimulation
of the sympathetic system caused an increase
in the activities of hepatic phosphorylase and
glucose-6-phosphatase, while the excitation of
the parasympathetic system increased the activity
of glycogen synthetase. Both systems counteract
cach other with respect to the effects produced.
The indirect participation of the central nervous
system, through its connection with the endo-
crine systern, is an obvious one, since hormones
are effective agents in the control of enzyme
activities. We will have more to say regarding
hormonal influences, particularly in so far as
they might affect a given dietary action; how-
ever, we will restrict ourselves fundamentally to
the effects of the quality and quantity of the
diet on enzyme activities,

The review made in 1956 by Knox, Auerbach,
and Fin (55) brought together information
available at that time and caused a great deal
of interest in the subject. Again, Knox and
Greengard (56) made another thorough re-
vision of the matter in 1965. Very recently
Schimke (712} collected information relevant to
the control of enzyme levels in animal tissues,
thus bringing into sharp focus the problems
faced at the present time. These three papers
constitute an excellent reference for those who

wish to learn more on the topic.



Dietary stimulus capable of producing changes
in enzyme activities

Modifications in the compeosition of the diet
by increasing or decreasing its constituents cause
alteration in some enzyme activities. Another
experimental model that has been extensively
studied is the effect of starvation followed by
refeeding. Some changes observed under these
particular conditions will be described before
considering the effects of variations in dietary
protein, carbohydrate and fat, vitamins and
minerals.

Starvation and refecding

When an animal is starved or fed with a
protein-free diet, there is a small fraction of the
total body protein that is rapidly lost and rapidly
regained when fed with an adequate dict. Such
a fraction has been called labile body protein
{77). It has been recognized that Hver, pan-
creas, and intestinal mucosa are important sites
of labile protein deposition, while other organs
such as muscle do not respond as readily to
protein deprivation, and stll others, such as
brain, are almost unaffected (77). Liver is
directly exposed to the fHow of nutrients ab-
sorbed from the intestine, therefore it is sub-
jected to more stimulus than other tissues and
has a greater need of metabolic adjustments.
Since it has been more extensively studied than
other sites, reference will be made mainly to
hepatic c}langes.

Fasting causes a rapid mobilization of liver
protein content which tends to level off after 24
hours (124), perhaps at a time that coincides
with the adjustment of urinary nitrogen output
to the endogenous level established when dietary
protein is completely withdrawn (77). There
is another period of rapid loss of protein just
prior to the death of an animal that inevitably
ensues if food is not allowed (124).

The mobilization of protein is accompanied
by a removal of RNA and phospholipids; endo-
plasmic reticulum becomes less abundant. These
changes can be seen a few hours after the initia-
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tion of fasting, and they are, moreover, restored
quite rapidly in relation to the elevated intra-
cellular concentration of aming acids and other
nutrients after food consumption (77}.

Catalytic proteins should be part of the [abile
protein, since enzyme activities decrease sharply
during starvation and a protein-free diet. More
careful analysis has shown that during fasting,
not all enzyme activities decrease at the same
rate: some seem to be spared and others are, in
fact, augmented (11, 124). By the same token,
when an animal is refed, not all enzyme activi-
ties are restored at the same rate; some do not
increase, but, in fact, decrease during the re-
feeding period (11, 124). Of note is the case
of glucose-6.phosphate dehydrogenase, whose
activity upon refeeding reaches levels much
greater than those seen in a normal animal
(15, 134, 135, 136, 137}.

No attempt will be made to mention every
enzyme whose variation in activity has been
detected during starvation and refeeding. A
few changes that seem to follow from the par-
ticular metabolic condition intreduced by the
stress of starvation and refeeding will be men-
tioned. For instance, those enzymes whose
activity has been considered as determining the
flow of metabolites from glucose to pyruvate
{glucokinase, phosphofructose kinase, and pyr-
uvic kinase) diminish during fasting and in-
crease upon refecding, while the activities of
enzymes involved in shifting the flow of me-
tabolites from pyruvate to glucose (pyruvic
carboxylase, phosphoenol pyruvie carboxylase,
fructose-1-6-diphosphatase, and glucose-6-phos-
phatase) increase by fasting. These changes are
in aceordance with the predominance of gluco-
neogenesis and diminution of glycelysis during
fasting, and the reversa! of this situation 5 noted
when the animal is refed (104, 117, 145, 146).

Enzymes intervening in lipogenesis also
change in a similar fashion, that is to say, they
decrease during fasting and recover upon re-
feeding. In addition to the change in glucose-
6-phosphate dehydrogenase already mentioned,
a similar variation has been noted in 6-phospho-



gluconic dehydrogenase, citric acid cleavage en-
zyme, acetyl CoA carboxylase, fatty acid synthe-
tase and long-chain fatty acid desaturase (2, 35).
The driving force in lipogenesis of nicotinamide
adenine dinucleotide phosphate (NADPH)
generation by the two first enzymes has been
emphasized (136, 137). Concomitant with the
changes described, it is found that there is
lipid deposition in the livers of animals refed
after a starvation period (724). Similarly, it

should be menticned that hepatoma 7794.A

does not respond to the stimulus of fasting and
refeeding with respect to the increase in glu-
cose-G-phosphate dehydrogenase scen in normal
liver (145).

Starvation causes an increased protein and
amino acid catabolism. Correspondingly, there
is an augmentation in the activities of carbamyl
phosphate synthetase, ornithine transcarbamyl-
ase, arginino succinic synthetase, arginino suc-
cinase and arginase—enzymes that participate in
urea biosynthesis (108, 109). There also is an
augmentation in the activity of glutamic oxalo-
acetic transaminase (724, 141} and glutamic
pyruvic transaminase (79, 101, 124)—enzymes
ancillary to the urea cycle. The feeding of
casein hydrolysate to the starved rat greatly
increases the activity of serine dehydratase (89).
Glutamic dechydrogenase changes in a manner
parallel to the change in liver weight (42}).

The recovery of enzyme activities that occurs
when the starved animal is refed has been

Ao smna
as noeve

manv instances to be due to
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protein synthesis, because inhibitors of this
process prevent the observed increase in enzyme
activity. The use of actinomycin D, puremycin
and ethionine, as well as the reversal of the
effect of the latter by methionine, have been
widely used (27, 34, 35, 104, 117, 136, 147).

First, the quality of the dietary protein used
to feed the fasted animal is of great importance
in determining the pattern of recovery of the
enzymes affected. Secondly, the nutritional
status of the animal is fundamental for a de-
ficient diet to have an effect on the recovery of
enzymes under conditions of rapid liver growth.
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These two statements are substantiated by a
study carried out in our laboratory where the
activity of eight hepatic enzymes was followed
under two different anabolic conditions: rapid
liver growth obtained when a previously starved
animal is refed (724), and liver regeneration
after partial hepatectomy (105). In both situa-
tions, the effect of ferding zein, a protein of low
biological value, deficient in tryptophan and
lysine, was explored in comparison with the feed-
ing of casein, a good protein. In the depletion-
repletion system it was found that all enzyme
activities recovered in relation to protein con-
tent. ‘Thus, although the total activity was lower
in animals fed with the deficient diet, the spe-
cific activity cxpressed as given units per milli-
gram of protein, was the same in both groups.
The deficient diet prevented the liver lipid de-
position seen with the casein diet, No difference
whatsoever was detected in the regenerating
livers of the animals fed either diet. Tt was
necessary for the animals to be fed the deficient
diet prior to hepatectomy in order to see dif-
ferences. These findings indicate that in the
event of limiting amine acids, hepatic enzyme
activities recover to about the same extent, in
relationship to one another, as they do under
conditions where amino acids are not limiting.
It is likely that the amino acids missing in the
diet can be made available to the liver from the
catabolism of proteins from other tissues. In-
deed, it has been demonstrated that protein is
ibuted among different tssues depending
on the prevailing metabolic situation. Mobiliza-
tion of muscle labile protein, with a flow of

P
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amino acids toward the liver and consequent
deposition of labile hepatic protein, follows the
administration of catabolic hormones (thyroxin
and corticoids) while the reverse flow is favored
by anabolic hormones (growth hormone and
androgens) (77).

Other tissue that readily responds to the stress
of fasting is adipose tissue. Under this condi-
tion the incorporation of labeled acetate into
fatty acids is diminished and there is a decrease
in RNA synthesis—refeeding restores both ca-



pacities to normal values (34). Jejunal glycolytic
enzymes change during starvation in the same

way that the corresponding liver activities
change (127).

Variations in dictary protein, carbohydrate, far,
vitamins, and minerals

Protein-free diet mobilizes labile protein,
therefore, the changes in enzyme activities re-
semble somechow those seen in  starvation,
although they are less pronounced. The ad-
ministration of carbohydrate, however, has a
definite specific effect on protein tissue redistri-
bution, mediated probably through the release
of insulin, hence, the flow goes from liver to
muscle (77). A decrease in uren biosynthesis
enzymes is obscrved after the administration of
a proteindree diet (30, 109, 110}); glutamic de-
hydrogenase and glutamine synthetase also
diminish (30), The effect of lack of protein in
the diet is very striking on xanthine oxidase
which reaches very low levels of activity (73). A
low-protein diet (containing 2 per cent casein)
increases the activity of 3-phosphoglycerate de-
hydrogenase and phosphoserine phosphatase
(enzymes involved in the phosphorylated path
of serine formation), while decreasing the ac-
tivity of serine dehydratase (23, 24).

A high-protein diet produces an augmentation
of digestive proteolitic enzymes (40, 67) with
litle or no effect on lipase and amilase, which
has been attributed to increased synthesis and
secretion by the pancreas (67).

A high-protein diet also produces an increase
in several activities involved 1o amino acid
catabolism: serine dehydrawase (23, 43, 87, 88),
glutamic oxaloacetic transaminase {65, 79, §7),
glutamic pyruvic transaminase (43, 65, 79),
tyrosine transaminase (63, 83, 87, 83), trypto-
phan pyrrolase (88), ornithine transaminase
{46, 85, 88, 130), carbamyl phosphate synthetase
(110, 11I), ornithine transcarbamylase (108,
110, 111), arginino succinic synthetase, arginino
succinase, and arginase (109, 110, 111}, histidine
pyruvate transaminase, histidase, and uricase

(114). There is also indirect evidence that the
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increased resistance to ammonia intoxication of
rats fed with a high-protein diet might be due
to an increase in amino acid. catabolic enzymes
(154). Other enzymes related to carbohydrate
metabolism like glucose-6-phosphatase, fructose-
1-6-diphosphatase, malic dehydrogenase and
sorbitol dehydrogenase, although less responsive
than the above-mentioned, still inerease after
feeding the animal with a high-protein diet
(43).

Some individual amino acids have specific
effects: tryptophan increases the activities of
tryptophan pyrrolasc and tyrosine transaminase
(53, 112). Tryptophan analogues and other
indol compounds have the same effect (39, 57,
100). Serine increases the activity of serine de-
hydratase (128), an effect more readily seen em-
ploying a mixture of amino acids from casein
hydrolysate (86, 88, 90, 91). Serinc and glycine
diminish the activity of 3-phosphoglycerate de-
hydrogenase (128), Ornithine increases the ac-
tivity of ornithine transaminase (12). Creatine,
a nitrogenous compound derived from amine
acid metabolism, decreases the activity of gly-
cine transaminase {142).

A high-carbohydrate diet increases pancreatic
amilase activity while it decreases the proteolytic
activity, but it does not bave any effect on lipase
(40). Such a diet increases the activities of liver
pyruvic kinase (59, 133), glucose-6-phosphate
dehydrogenase (136), and citrate cleavage en-
zyme in previously fasted rats (58). Effects of
specific sugars have also been noted. The ad-
ministration of glucose canses an augmentation
of glucokinase and of fructose-1-6.diphosphatase
(80, 90, 104), and increases the incorporation
of leucine C* into tissue beta plus pre beta lipo-
proteins, with a corresponding change of the
clectrophoretic pattern of plasma lipoproteins
(21, 22). The feeding of sucrose or fructose
and of glycerol increases the activity of hepatic
pyruvate kinase, glucose-6-phosphatase, and
fructose-1-6-diphosphatase while decreasing the
activity of glucokinase and phosphofructokinase
(221, 122, 147). Glucose, fructose, or sucrose in-
crease glucose-6-phosphate dehydrogenase in the



starved animal (15). Glucose interferes with the
enhancing effect of casein hydrolyzate on serine
dehydratase in the starving animal (88, 90).

Individual sugars in the diet also have specific
effects on certain jejunal glycolytic enzymes:
fructose increases fructokinase and glucose in-
creases glucokinase and hexokinase (102, 127).

The administration of a fat-free diet to starved
rats increases the activity of fatty acid synthetase
(10) and acetyl CoA carboxylase {72). A high-
fat dietary content causes a lowering of the
activities of pancreatic amilase and lipase but
proteolytic activity is not affected (40). The
feeding of cholesterol (123} or ubiquinone (60)
greatly decreases the synthesis of this compound
by interfering in the conversion of S-hydroxy-
B-methylglutaryl-CoA to mevalonic acid.

It has been noted that vitamin-deficient diets
have definite effects on the correspending en-
zymes. Pyridoxin deficiency causes a diminution
of the activities of threonine dehydrase (38),
glutamic pyruvic transaminase, glutamic tyrosine
transaminase (79, 100), cysteine sulfinate de-
carboxylase, cystathionase and aromatic decar-
boxylase (56). Riboflavin deficiency produces a
decrease in xanthine oxidase and D-amino acid
oxidase (9) and flavokinase (25). Biotin-de-
ficient rats have a decreased content of carcass
cholesterol, but not liver cholesterol; esterified
fatty acids are also lowered, particularly in
adipose tissue, and in the carcass (7). The ef-
fect of vitamin K deficiency on the synthesis of
prothrombine and other clotting enzymes is well
substantiated (8%, 82). It is well recognized
that a given vitamin deficiency affects differently
enzymes that function with the corresponding
coenzyme derived from that vitamin.

The administration of pyridoxin causes a
doubling of ‘tyrosine transaminase (39), nicotin-
amide increases the tissue content of pyridine
nucleotides, but the activities of glutamic dehy-
drogenase, lactic dehydrogenase and glucose-6-
phosphate dehydrogenase are not affected (42).

A dietary deficiency of Mn** lowers arginase
activity which is not restored by the addition of
the metal iz vitro (5).
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Tron deficiency causes an increase in the cop-
per tissue concentration and a decrease in mono-

amide oxidase (137).

Effect of the feeding schedule

After digestion of the ingested food and ab-
sorption of the nutrients from the gat, these
become metabolites that flow through the or-
ganism, Changes in the metabolic machinery
render it able to cope with the transient load of
nutrients which, by means of complex homeo-
static mechanisms, are returned to the concen-
trations prevailing in the steady state of the
postabsorptive period. Adjustment to new meta-
bolic conditions applies, of course, to enzyme
activities, the entities responsible for transform-
ing the metabolites.

Therefore, it is easy to understand that food
ingested periodically by animals should produce
differences in tissue enzyme activity as compared
with animlas fed ad Iibitum. Studies carried
out in the laboratory of Potter (92, 93, 94, 95)
clearly show that such is the case. Rats kept
under very careful conditions of constant tem-
perature and well-timed alternate periods of
light and dark are trained to feed according to
different schedules: 8 hours and 16 hours, 12
hours and 36 hours, or 8 hours and 40 hours,
respectively, for alternate periods of feeding and
fasting. Under these conditions, variation in
several enzyme activities and other biochemical
parameters has been shown, However, the
oscillations are not necessarily coincident as one
might be led to believe as though they were
dependent on the same factor. To make this
point clear, it is worth describing the Andings
of the 8440 schedule. Stomach weight (in-
cluding content), liver weight, and glycogen
deposition show increases correlated with food
intake; influx to and aflux from the liver of cy-
cloleucine (probably an indication of variations
in the amino acid pool), tyrosine transaminase
activity, and the concentration of plasma corti-
costerone are related to each other, but not
clearly to food intake; serine dehydratase, glu-

cose-O-phosphate  dehydrogenase, and citrate



cleavage enzyme oscillate similarly among them-
selves, but differently in relation to the other
parameters described; synthesis of RNA and
of its precursors seems to be related to the pat-
tern of food intake. By feeding training it has
been possible to shift the peak of maximal activ-
ity of certain enzymes (143).

The daily variations of tyrosinc transaminase
have attracted the interest of several research
groups. The enzyme activity cycle is clearly seen
in the animals fed ad lbitum (33); it persists
in constant darkness with unchanged amplitude
{4), but a rhythm with reduced amplitude re-
mains after exposure 1o one week of constant
light {(4). The peak of activity persists after 10
hours of fasting in rats fed ad Lbitum (4), how-
ever, in the 8+40 feeding schedule of Potter
(92), there are two peaks of activity, one clearly
corresponding to the fasting period. It is of
interest that no rise in activity appears if the
peried without food is extended. Proteindree
diet prevents the cyclic variation of tyrosine
transaminase, and apparently tryptophan is in-
volved, since the feeding of an amino acid mix-
ture devoid of tryptophan also suppresses the
rhythm of enzyme aciivity (159). It has been
suggested that the oscillation of the enzyme
activity corresponds to a daily cycle of increase
of polysome aggregation which depends on
aming acid influk, principally tryptophan (29}).
This proposition is difficult to reconcile with the
second peak of activity during the fasting period
of 8-+40 feeding schedule of Potter (92). There
has been a great deal of discussion concerning
the “true circadian” nature of tyrosine transami-
nase cyclic variations. In this respect, Potter
(92) has stated, “The shifts in tyrosine transa-
minase activity can only be looked upon as a
response to an ordered succession of cyclic
changes in the levels of amino acids, cortico-
sterone, glucagon and insulin, and possibly
epinephrine and norcpinephrine, associated with
behavioral responses to the light-dark cycle. Tt
seems likely that the circadian rhythms in actual
life are a blend of internal and external factors.”

Another experimental model has been stadied
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which clearly shows the type of metabolic ad-
justments produced by intermittent feeding, that
is, the meal-fed rats, whereby the animals are
trained to ingest food for one or two hours daily
(64, 132). Infrequent feeding develops hyper-
phagia, that is to say, the ability to consume
large amounts of food within a short time in-
terval (6}, Other changes that follow are:
hypertrophy of the digestive tract which ac-
counts for greater digestive capability and en-
hanced intestinal absorption (63), high res.
piratory quotient after carbohydrate ingestion
(6}, and increased ability of hepatic and adipose
tissue to synthesize fatty acids in witro (6, 62).
The hyperlipogenesis is accompanied by an in-
creased activity of many enzymes involved in
the conversion of glucose to fatty acid and
glycerophosphate (13). Rats fed two hours daily
or refed after fasting have more lipocytes in
adipose tissue; the DNA content of these cells is
greater, and they incorporate more thymidine
2C*. There is an increased sensitivity of adi-
pose tissue to insulin and epinephrine, and the
adenyl cyclase activity of lipocyte ghosts is aug-
mented (6). Mealfed rats also have a greater
capacity to accumulate glycogen in muscle and
in adipose tissue than nibbling animals which is
reflected in the activity of the glycogen-syn-
thesizing enzymes in both tissues (138).

Some factors influencing the effect of diet
on tissue enzyme activities

In studying the changes in enzyme activities
provoked by dietary variations, it is necessary to
take into account some factors that may alter the
response. It would seem to be desirable to men-
tion them at this point.

Endocrine nutritional interaciions

It has been previously stated that the endo-
crine system plays a very important role in the
metabolic regulation of higher organisms. Some
of the changes described previously are also
under the command of hormones, therefore
dietary stimulus might depend on the endocrine
status, and conversely a given effect caused by



a hormone might depend on the nutritional
conditions.

Glucocorticoid increases the amount of argi-
nase (3), glutamic pyruvic transaminase (115),
uyptophan pyrrolase (11, 57), tyrosine trans-
aminase (48, 49), ornithine transaminase (85,
130},  glucose-fiphosphatase,  fructose-1-6-di-
phosphatase, phosphoenol pyruvic carboxylase,
and pyruvic carboxylase (146). Insulin increases
the activities of uridine diphosphate glucose
(UDPG)-glycogen synthetase (139}, glucoki.
nase (80, 104), phosphofructokinase, and pyr-
uvic kinase (i46), tyrosine transaminase (#9),
and glucose-6-phosphate dehydrogenase (135).
Glucagon increases the activities of serine dehy-
dratase (44), tyrosine transaminase (49), adenyl
cyclase, hence through cyclic adenosine mon-
ophosphate {(AMP) formation, it increases phos-
phorylase (129). Adrenalin acts similarly on
the latter system (729). Thyroid hormone in-
creases the activity of vL-glycerophosphate dehy-
drogenase, and malate dehydrogenase (61).

The endocrine-nutritional interactions are il-
lustrated by the work of Freedland: the effect
of glucocorticoids on amino acid metabolizing
enzymes and a few others depends on the diet-
ary protein (43). Conversely, in general, ad-
renalectomy and hypophysectomy diminish the
amplitude of the response of enzymes that nor-
mally increase or decrease with the feeding of
a high-protein diet (37). Other enzymes that
normally do not vary with the high-protein diet
have rather erratic responses after endocrinec-
tomy (31},

Liver malate dehydrogenase (decarboxylat.
ing) increases more and is more sensitive to
thyroxin in rats previously fed with a high-
carbohydrate dict than in those fed with a
high-fat diet (#7). The fall in enzyme activitics
as a result of starvation is more striking in
hypophysectomized rats (146). Similarly, the
fasting of diabetic rats has a more pronounced
effect on ribonucleic acid {RNA) synthesis, and
lipogenesis (34), and on those enzyme activities
directly commritted to gluconeogenesis (153).
The effect of cortisol and starvation on tyrosine
transaminase depends on the basal activity of
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the enzyme which, in turn, is related to the
previous dietary experience. The basal activity
is high when the animal is fed with a high-
protein diet and does not increase after cortisol.
Starvation produces a decline in the enzyme
activity of rats previously fed a high-protein diet,
but produces an augmentation in those previ-
ously fed a high-carbohydrate diet (75).

Glutamic pyruvic transaminase requires ad-
equate stores of pyridoxal phosphate in sivo to
obtain maximal response when increased by cor-
tisol, however tyrosine transaminase has normal
levels and can be increased readily in rats se-
verely depleted of pyridoxin (79, 106). Tyrosine
transaminase increases by exposing the fasted
animal to the cold, but it does not increase by
applying the same stimulus to the recently fed
animal (27).

Glucose alone increases glucokinase, citrate
cleaving enzyme, and glucose-6-phosphate dehy-
drogenase in the intact animal, but glucose and
insulin are required to produce the same
change in the diabetic animal (88).

Adrenalectomy prevents the effect of refeed-
ing by the increase of glucose-6-phosphate dehy-
drogenase in the fasted animal (94).

Species and strain

Taking labile body protein as representative
of the type of response that can be obtained by
challenging the animal with a dietary stress
(starvation or a protein-free diet), the following
considerations made by Munro (77) are per-
tinent to emphasize the diverse results that
might be observed in different species: “The
relative importance of Iabile body protein in
relation to other aspects of protein metabolism
is likely to differ in species of different body
size . . . it was concluded that the proportion
of body protein which is labile is about the same
in the rat as in man. The evidence we shall now
consider shows that the intensity of total protein
metabolism in the rat is five times greater than
in man. Consequently, labile body protein will
assume greater importance in the economy of
protein metabolism in man than in the rat.”



To illustrate the point of species differences,
it can be said that the administration of xan-
thinc to mice causes an increase of 70 per cent
in xanthine oxidase activity, but rats respond
rather poorly to the same stimulus (19). There
are also differences due to the strain of the
experimental animals used. The administration
of a diet containing 25 per cent caoked, dried
egg produces kidney damage, esteatosis, hyper-
lipemia, and hypercholestoremia in the BHE
rats but not in the Wistar rats.

Age of the experimental animal

The level of enzyme activities varies with age,
s0 does their responsiveness to change under the
influence of different stimuli. For instance, tryp-
tophan pyrrolase increases in the mature rat so
that at 400 days of age the activity has doubled
in comparison to the activity found in animals
38 days old (65). The fasting levels of liver
tyrosine transaminase are lower in senescent
mice than in young omes. The same enzyme
increases after the feeding of a diet containing
five per cent tyrosine in rats of seven weeks of
age, but maturc animals of 15 weeks of age do
not respond at all (332).

The importance of tissue enzyme activities as
they change with age in relation to longevity
has been emphasized in a recent study by Ross
(103). He determined the pattern of change of
four enzymes: Alkaline phosphatase, histidase,
ATPase, and catalase in relation to age from
25 to 995 days. A correlation was found between
the activities on one side and life expectancy
and the incidence of disease on the other. Very
importantly, when the activity of the enzymes
was varied by dietary means so that they ap-
proached the pattern seen in the young rat, a
significant increase in life expectancy was also
observed.

Organ differences

It is well known that starvation and protein-
deficient diets have a differential effect; whereas
great changes are produced in liver (124), brain
is less influenced (140). Starvation and diabetes
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cause inhibition of fatty acid synthesis in liver
but do not affect the heart. Neither have any
effect on the nicotinamide adenine dinucleotide/
NAD (NADIH/NAD) rativ that regulates
heart lipogenesis, nor on the products of the
process. Hence the heart mitochondrial system
that accounts for 90 per cent of fatty acid syn-
thesis is regulated by different mechanisms and
is insulated from nutritional and metabolic
conditions which profoundly influence overall
lipogenesis in the whole animal (156).

Liver, brain, and kidney contain 3-phospho-
glycerate dehydrogenase and the other enzymes
for the phosphorylated path of serine produc-
tion. p-Glycerate dehydrogenase, the enzyme of
the non-phosphorylated path, is present only in
liver and kidney. The elevation in 3-phospho-
glycerate dehydrogenase obtained by feeding a
diet containing 2 per cent protein is scen only
in liver and corresponds to a diminution in the
cysteine, methionine, and taurine content that
appears only in liver. Supplementation with
methionine or cysteine removes the change (24).

Tt has been found that the ratio of aldolases,
the ane acting on fructose-1-6-diphosphate to
that using fructose.l-phosphate as substrate, re-
mains close to one in the liver of animals sub-
jected to different experimental conditions,
whereas in jejunum, the ratio can be changed to
be less than one by dietary means (127). Ubig-
vinone inhibits sterol synthesis by affecting the
reduction of B-hydroxy-@-methylglutaryl CoA
of the liver, but has no effect on kidney or in-
testine (60). Liver glucokinase and pyruvate
kinase differ in physical, kinetic, and regulatory
properties from that found in other tissues
(112). 'The rate of degradation of lactic dehy-
drogenase isozyme-5 varies in liver, skeletal
muscle, and heart muscle (32).

Although many more examples of organ dif-
ferences may be given (6I), those mentioned
above should suffice to illustrate the point that
different tissues may contain different isozymes,
and also that the same protein in different sur-
roundings may be subjected to different regula-
tory mechanisms,



Mechanisms of changes in enzyme
activities caused by diet

Higher organisms have the peculiarity that
their proteins turn over. Thus, a variation in a
given enzyme activity may be a consequence of
a change in the steady-state concentration of the
specific protein being considered to a different
steady-state concentration. The shift may be the
result of a modification in the rate of synthesis,
or in the rate of degradation, or a combination
of both (112). The variation of activity might
also be due to other factors, such as the con-
centration of activators, inhibitors, and coen-
zymes which affect the catalytic action (124).
Redistribution of enzymes among subcellular
fractions should also be considered (18, 124).

The relation of enzyme synthesis and deg-
radation to the nutritional status will be dealt
with here, but rather briefly, because the subject
has been covered thoroughly by Dr. Schimke.
It is conceivable that diet may alter enzyme
activities in several ways.

Non-specific effects on profein synthesis

Amino acids supplied in the diet may serve
as building blocks for the synthesis of protein.
Although many of the 20 species that participate
in protein synthesis can be readily produced by
intermediary metabolisn, there are several, the
indispensable amino acids, that have to be pro-
vided by the ingested food. Under certain cir-
cumstances, the amino acid pool becomes limited
when certain enzymes are increased by the
administration of hydrocortisone (43), as sug-
gested by the increasing effect on the activity
of higher dietary protein content. Protein syn-
thesis is a highly endergonic process, therefore
it should be hampered by a shortage of calories.

Muno (78) has shown that a flow of an ade-
quate mixture of amino acids to the liver is
determinant in preserving the protein biosyn-
thetic machinery in working condition. The
feeding of a deficient mixture causes a loss of
heavier polysomes with accumulation of eligo-
somes and also of ribosome subunits. These
smaller particles are more suitable to the action
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of ribonuclease, which, though remaining latent
in the intact particles, becomes activated upon
disintegration. The administration of a com-
plete amino acid mixture causes aggregations
of ribosome sub-units and of oligosomes to pro-
duce polysomes. It has been further demon-
strated that the deficiency of tryptophan is fund-
amental for causing polysome disaggregation
(78). However, Shaw and Fillios (118) have
noted that soon after the administration of 2
free- or low-protein diet one perceives an in-
ereased incorporation of labeled amino acids into
protein as well as an augmented activity of
RNA polymerase Mg+ dependent, while the
Mn** dependent remains unchanged. Further-
more, a shift in the ribosomal profile char-
acterized by the aggregation of monosomes to
produce polysomes, and an increased incorpara-
tion of labeled orotic 2cid inte RNA was noted.
This type of response was rather transient, since
at a later time the situation was found to be
similar to that referred w above (78). At any
rate, in both cases, a correlation between amino
acid incorporation and the status of polysome
aggregation was found,

Specific effects on protein synthesis
and degradation

When a change of enzyme activity is detected,
the first question is whether the variation cor-
responds to an alteration in the amount of a spe-
cific protein. In amswer, it can be shown by
direct proof that more specific protein has becn
synthesized. Purification of the specific protein
permits its quantification. Alternatively, purifi-
cation of protein allows the preparation of 2
specific antibody for the isolation of the antigen
antibody complex and by this means the quan-
tification of the given protein. In both cases
it is possible to determine the incorporation of
labeled amino acids into the specific protein in
comparison with the general incorporation in
all proteins, information that is also relevant
to the specificity of given changes.

Tt has been demonstrated that among the
enzymes that are changed by dietary stimulus,



increases in the activities of arginase (108, I11),
ornithine transcarbamylase (108), acetyl CoA
carboxylase (72), tyrosinc transaminase (48,
100}, glutamic alanine transaminase (116), tryp-
tophan pyrrolase (26, 113), serine dehydratase
(44}, and glucose-6-phosphate dehydrogenase
(161) correspond to increases in the absolute
amount of the corresponding proteins.

An increase in the amount of a given protein
can be a consequence of either an increase in
the rate of its synthesis or a decrease in the rate
of its degradation (112, 115). Indeed, it has
been found that both levels arc operative in
animal tissues. For instance, the increase in
arginase activity induced by a high-protein diet
is due to an augmented rate of synthesis, but
the increase caused by starvation is induced by a
drop in the rate of degradation to essentially
zero (112}, The shift from a high- to a low-
protein diet lowers the amount of arginase by
the combination of both a decreased rate of
synthesis and an increased rate of degradation
(112). Similarly the difference of acetyl CoA
catboxylase in animals fed a fatfrec diet or
starved is due to a combination of both factors;
increased rate of synthesis in the former and
increased ratc of degradation in the fasted
without any apparent connection between them
{72). 'The case of tryptophan pyrrolase has been
clarified in different laberatories (3, 26, 39, 54,
113, 126). The increase observed after gluco-
corticoid administration is the result of an in-
creased rate of synthesis, but the augmentation
produced by the administration of tryptophan
is caused by a decreased rate of degradation.
Knox (54) has proposed the following scheme
for the regulation of the enzyme. The associa-
tion of L-tryptophan with the apoenzyme renders
it more suitable to combine with hematin, In-
terestingly enough, there appears to be a recipro-
cal control in the synthesis of the tryptophan
pyrrolase and heme. The increased synthesis of
L-amino levulinic acid synthetase (which en-
hances heme formation) by the administration
of allylisopropyl acetamide produces an in-
crease in the tryptophan pyrrolase apoenzyme.

Conversely, concomitant with the increase in
apoenzyme that follows tryptophan administra-
tion, there is an increase in the activity of
L-amino levulinic acid synthetase (74).

The effect of glucocorticoids on tyrosine trans-
aminase and glutamic pyruvic transaminase ap-
pears to be limited only to the rate of their
synthesis (49, 50, 51).

The increase of serine dehydratase that fol-
lows the intubation of casein hydrolysate in
protein-depleted rats is due to an augmentation
of the rate of synthesis (44). The suppressor
effect of glucose results from the avoidance of
the amino acid effect on the rate of synthesis,
and also from an increased rate of degradation
of existing serine hydratase (44). Glucagon also
enhances the enzyme activity by increasing the
rate of synthcsis, an effect that is probably
mediated by cyclic AMP (45). A similar action
of glucagon on tyrosine transaminase has been
described (157).

The decrcased activities of glycine trans-
aminase after the feeding of creatine (142), and
the prevention of the conversion of S-hydroxy-
B-methylglutaryl CoA to mevalonic acid by
cholesterol (123) or ubiquinone (60) represents
two instances of control of a metabolic path by
a final product in higher organisms. To our
knowledge, no others have been described.
However, the operating mechanisms have not
been elucidated yet, although it has been sug-
gested that the synthesis of the enzyme is
hampered.

It has been inferred, from the effect of inhib-
itors of protein synthesis that the change of
many other enzyme activities are due to de
nove protein synthesis. Actinomycin-D and
puromycin have been greatly favored, since it
is known that they act respectively at the levels
of transcription and translation of the genetic
information, These ideas follow the concept of
the model proposed by Jacob and Monod, which
has been found to operate in microorganisms.
However, the interpretation of experiments
where these inhibitors are employed should be
looked upon very cautiously considering, first
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of all, that they have toxic effects, and, there-
fore, other extrancons factors might come into
play (112}, Tn addition, the behavior of some
systems where inducing agents and protein syn-
thesis inhibitors have been employed cannot be
easily understood in terms of the Jacob-Monod
model. Hence, it is necessary to look for alter-
nate explanations. Tomkins ez al. (I38) have
proposed a model where the control is exerted
‘by a post-transeriptional repressor, which by
combining with mRNA prevents its translation
and renders it susceptible to degradation.

One of the main features derived from the
Jacob-Monod model is that of the coordinated
variation of the enzymes clustered in the same
operon. In higher organisms, coordinated varia-
tion has been found in several groups of en-
zymes connected metabolically. A clear example
of such is that of the urea biosynfhesis enzymes.
Schimke (108) found that by varying the

amount of protein in the diet, the activities of

carbamyl phosphate synthetase, ornithine trans.
carbamylase, arginino succinic synthetase, and
arginase varied in a coordinated form. In fact
the variation of arginase, although following the
same trend, did not quite change in the same
proportion as the other enzymes did (Figure 1).
The same type of coordinated variation in star-
vation has been found in feeding rats with a
diet containing zein, and during liver regenera-
tion after partial hepatectomny (30). The same
type of coordinated variation in urea biosyn-
thesis enzymes was found in our laboratory (76)
in the steady-state concentration of animal spe-
cies with a wide variety of nitrogen excretory
patterns (Figure 2). Again, a very good correla-
tion was found among the relative variations of
carbamyl phosphate synthetase, ornithine trans-
carbamylase, and the arginine synthetase system
(arginino succinic synthetase and arginino suc-
cinase assayed together); arginase, following the
same tendency, somehow varied in a different
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Figure 1. Relationships of fotal liver content of vrea cycde enzymes to daily profein consumption, Protein infaks
in grams per day is plotted against enzyme confent in units per liver, Brackets indicate == 4 standard errors. The
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numhers on the figure denote numbers of overlapping
points, From Mora ef al. (74).

proportion than the others (76). It is pertinent
to the case being discussed that for E. coli {66)
and for NV, erassa, the enzymes that participate
in the biosynthesis of arginine map in different
regions of the genome. Moreover, there are
experimental conditions where the variation of
the urea enzymes is not coordinated: in the
metamorphosis of the tadpole (7), the develop-
ment of the rat (47}, the administration of
carcinogenic dyes (70), carbon tetrachloride
{30), ethionine (68), and glucagon, alloxan
derivatives and alloxan derivatives with insulin
(69). It would appear that urea enzymes under
certain circumstances are under the mandate of
the same regulatory mechanism which operates
at a level other than genetic transcription and
also that there are situations where other factors
operative in their regulation come in to play.
Another case, if not of coordinated variation, at
Jeast of simultancous variation in the same direc-
tion of groups of enzymes metabolically linked,
concerns the processes of glycolysis and gluco-
neogenesis. Glucokinase, phosphofructokinase,
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and pyruvic kinase catalyze reactions that caused
metabolites to proceed in the direction of glucose
to pyruvate, while pyruvic carboxylase, phos-
phoenol pyruvie carboxylase, fructose-1-6-diphos-
phatase, and glucose-6-phosphatase catalyze re-
actions determining the metabolic flux in the
appoesite direction. The other enzymes of the
glycolytic path are bifunctional and catalyze the
corresponding reactions in either direction, Be-
cause the variations by dietary stimulus or by
the administration of certain hormones affect
the enzyme as the defined groups, Weber (151,
152, 153) postulated the existence of three
“functional genetic units,” one for each group
of enzymes. However, the administration of
fructose or glycerol which bypass glucokinase
and phosphofructokinase, creating a triose load,
causes an increase in pyruvic kinase, glucose-6.
phosphate, and fructose-1-6-diphosphatase, and
a diminution in glacokinase and phosphofructo-
kinase (121, 122}. These findings do ot lend
support to the concept of functional genetic
unjts, It has been suggested that diversified
mechanisms of regulation in higher organisms
are responsible for the described behavior which
offers more degrees of freedom and versatility
for metabolic adjustments (121, 122). Never-
theless, there exists an instance where, by a
single mutation in mice, the activities of three
enzymes involved in pyrimidine catabolism are
affected (I6)—a situation that might corre
spond to the existence of an operon in higher
organisms (112}.

Another reason for variations in enzyme ac-
tivides might be their redistribution among
cellutar fractions. Such is the case of the in-
creased liver lysosomal enzyme activities elicited
by means of starvation and their diminution
upon refeeding (18).

The activity of a given enzyme may also be
altered by its interaction with metabolites which
might be nutrients supplied in the diet, Such
change of activity can determine the direction
of flow in metabolic paths. To illustrate this
point, it is pertinent to mention how different
molecules influence the activities of enzymes



engaged in glycolysis and gluconeogenesis. The
situation is presented in Table 1,

The conversion into each other of certain
metabolites is catalyzed by two different en-
zymes which may be regulated by the presence
of important metabolites (Table 1). For in-
stance, acetyl CoA activates pyruvic carboxylase
and inhibits pyruvic kinase; guanosine mono-
phosphate (GMP) activates phosphoenol pyr-
uvic carboxylase and inhibits pyruvic kinase.
AMP inhibits F-1-6-diphosphatase (DPase)} and
activates phosphofructokinase, Some of the me-
tabolites produced by the glycolytic path feed
back by inhibiting enzymes pushing the flow in
the direction of their formation: free fatty acids
inhibit glucokinase, phosphofructokinase, and
pyruvic kinase; acetyl CoA inhibits glucokinase,
and pyruvic kinase; phosphoenol pyruvic in-
hibits glucokinase, and NADH inhibits phos-
phofructokinase, and pyruvie kinase, Other
metabolites at the beginning of the glycolytic
path signal ahead favoring the flow in this direc-
tion: glucose-6-phosphate, fructose-1-6-diphos-

phate, and glyceraldehyde-3-phosphate increase
the activity of pyruvic kinase. Some amino acids
inhibit pyruvic kinase, and hence glycolysis.
Several nucleotide diphosphates act as acceptors
of pyruvic kinase, and the corresponding nucleo-
tide triphosphate, product of the reaction, in-
hibits the enzyme,

Then, by a complicated interplay of inhibition
and activation exerted by metabolites, glycolysis,
and gluconeogenesis might function alterna-
tively, in an on and off way, avoiding unneces-
sary recycling (147, 150).

Tt is easy to understand that the concentration
of cocnzymes and metals directly affects the
enzyme activities. It has been mentioned above
that the deficiency of vitamins as well as min-
erals causes a decrease in the cnzyme activity
which is not always restored by the addition of
the missing factor to the assay mixture, which
means that the amount of apoenzyme is affected
by the concentration of the coenzyme or metal,
Moreover, it has also been noted that the re
sponse to hormonal stimulus in some cases is af-

Table 1

Effect of different metabolites on the activity of enzymes of carbohydrate metabolism

Glycolytic enzymes

Gluconeogenic enzymes

Metahalite GK PFK
Frec fatty acids & J
Acetyl CoA L

ADP

ATP t1
CIP, UTP, TTP

AMP +
GTP

G6P

F-1-6-DP

23P

NADH . l
L-Alanine

L-g-alanine

PEP 1

Py ey e e e

G6Pase F1-6DPase PEPCase  PCase
T
\: 1
i)
T
{

Abbreviations: GK: glucokinase; PFK: phosphofructokinase; PK: pyruvic kinase;
G6Pasc:  glucosc-G-phosphatase; Fl-6DPase:  fructose-1-6-diphosphatase; PEPCase;
phosphoenol pyruvic carboxylase; PCase: pyruvic carboxylase; g3P: glyceraldehyde-
3-phosphate; other abbreviations corresponding to metabolites ure of standard use
or are implied in those used for the enzymes. Upward arrows mcan activation;
downward arrows mean inhibition. From data obtained by Weber et af, (144, I51).



fected by the concentration of coenzymes (114)
and that the regulation of the biosynthesis of
heme influences the biosynthesis of apotrypto-
phan pyrrolase (74).

Adjustment in the metabolic machinery can
be effected by altering the enzyme activity with-
out modifying the amount of the enzyme, that
is, by means of metabolic effectors which, on
interacting with the specific protein, thus can
affect its catalytic properties. Accordingly, it has
been proposed that this particular type of control
constitutes a sort of scute adapration since it
rapidly comes into play, while the change in the
amount of the specific protein may be consid-
ered a chronic adapiation because protein syn-
thesis should take place and the process cannot
be adjusted as immediately (153). The first
type of regulation cannot be evidenced, in many
instances, by the in vitro assays of enzyme activi-
ties because the incubation system usually puts
the enzymes in the so-called optimal condi-
tions, whereby substrate, coenzymes, metals, and
known activators are included in non-limiting
concentrations. In addition the pH of the sys-
tem corresponds to sites at which the catalytic
activity is higher. These conditions, of course,
may hide the fact that in #ivo a given metabolic
effector (activator or inhibitor) was operating.
The situation could be better estimated by de-
termining the efficiency of a metabolic flux
where the enzyme involved participates, An-
other important consideration is that the condi-
tions of an iz wsire assay can sometimes be far
removed from those prevailing n wive. What
is the effective substrate concentration in the
proximity of the active site of a given enzyme?
What is the pH at interphases affecting the dis-
sociation constants of funetional groups at the
Finally,
how is the conformation with other macromole-
cules changed from what it is in vrre? Without
answering these questions, it can at least be said
that caution should be exerted in extrapofating

active, inhibitor, and allosteric sites?

from in pitro assays to in eive functioning,
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The physiological significance of changes in
enzyme activities

From the above, it is clear that tissue enzyme
activities do change under the influence of die-
tary variations, HHenceforth, changes in enzyme
activitics as produced by alteration in the amount
of the specific protein will be noted, and it will
be assumed that although the relation between
activity and amount of protein has been proven
directly in only a few cases, this relationship
often holds. Several questions can be raised re-
garding the meaning of those changes with
respect to the specific functions of the organism
that are related o the corresponding enzymes.

Urea biosynthesis enzymes will be used when-
ever possible to illustrate questions that will be
considered, since having worked with several
aspects of their regulation and functioning over
the past ten years, we are more familiar with
them. In addition, urea biosynthesis constitutes
a very interesting model for gaining insight into
the nature of an adaptive device. Indeed, urea
biosynthesis allowed living organisms to adapt to
terrestrial life, and urea cycle enzymes readily
change under conditions demanding increased
removal of ammonia from body fluids (125),
Ammonia is highly toxic for higher organisms,
henee it must be kept at very low concentrations
in tissues and biological fluids. Apimals living
in an aguatic environment can readily excrete
ammonia, but land animals had to develop other
mechanisms to dispose of it, namely, ureotelism
and uricotelism. Urea biosynthesis also operates
as an osmoregulatory device in some sea water
fishes (8). Interestingly enough, the ureotelic
Rana cancrivora that lives in the brackish waters
of tropical mangrove in Southeast Asia had o
develop a kind of “superureotelism™ in order to
cope with the salinity of the environment (36).
Urea cycle enzymes, as already stated, readily
respond to the stimulus of starvation and change
proportiopally to the protein content of the diet
(108).



Are the changes in enzyme activities that occur
in higher organisms adaptive?

By “adaptive” Is understood those changes
that make sense in coping with altered environ-
mental conditions able to produce metabolic
disturbances in the organism, For instance, the
feeding of the animal with a high-protein diet
brings about an increased protein and amino
acid catabolism. ‘This situation, as already ex-
plained, is accompanied by an increase in several
enzyme activities that participate in amino acid
catabolism, in gluconeogenesis, and in the con-
version of ammonia into urea.

The “purpose,”” on the other hand, of in-
creased lipogenesis observed in the refed animal
after a period of starvation is not very clear. The
affected process, in fact, rebounds to such an
extent that it causes liver lipid deposition, an
obviously abnormal condition,

It might be argued that a change in enzyme
activity might be responsible for or is a conse-
quence of a particular metabolic disturbance.
One may wonder, for instance, what is the case
regarding the increase in glutamic oxaloacetic
and glutamic pyruvic transaminases seen after
high-protein diet, starvation, alloxan diabetes,
and administration of cortisone or adenocortico-
trophic hormone (ACTH), conditions all char-
acterized by enhanced gluconeogenesis, increased
protein catabolism, and the elevated amino acid
pool in the liver (56). It has been postulated
that in each case elevated enzyme activities
might be the response to some primary change
in 2 physivlogical state of the tissues, or rather,
the cause of some of the secondary physiological
changes (56). Thus, according to Knox and
Greengard (56), “The functional inter-related-
ness between cause and effect may present a
problem; for example, does the increase in cer-
tain enzymes cause the increased protein catab-
olism, or does the increased catabolism cause
the enzyme increases? Biologists generally re-
frain from asking such questions because the
answer may involve them with the prohlem of
purpose: that the final result can ‘cause’ the
effect. With our present familiarity with feed-

back mechanisms, this problem is no longer one
of metaphysics, but one of information transfer.
Before we can even discuss the chemiral mech-
anisms of control, we must identify the systems
which control.”

It may also happen that a change in a given
enzyme activity is not related directly to the
variations introduced by a metabolic disturb-
ance, but rather by a reflex of new metaholic
events taking place and thus could hardly be
counted as a truly adaptive change since the
variation of activity is not directed to the preser-
vation of homeostasis. Thus, serum alkaline
phosphatase is an entity composed of isozymes
originating from different sources: bone, liver,
kidney, leukocytes, and placenta, the first two
making the greatest contribution. They can he
distinguished by their different heat stbility.
It has been demonstrated that the decreased
serum alkaline phosphatase activity observed in
chronic human protein malnutrition is at the
expense of the osteal enzyme and also that it
is related to the cessation of growth, evidenced
by X-ray diagnosis,

Enzymatic changes corresponding to meta-
bolic adaptations should be reversible, that is to
say, once the environmental stimulus causing
the change has ceased, the original situation is

- restored.  Mechanistically, it could be said that

the steady-state concentration of an enzyme can
be adjusted to the prevailing metabolic condi-
tions, as already noted, by altering its rates of
synthesis or degradation under the influence of
the concentration of metabolic effectors.
Nevertheless, it might well be that at times
the changes in enzyme activity are not of an
adaptive mature but rather an expression of
“damage” caused by faulty nutrition. Indeed,
the methemoglobin reductase, glutathion reduc-
tase and adenosine triphosphatase (ATPase) of
the rat erythrocyte are affected by fasting the
antmal and are not reestablished by refeeding,
which is in accordance with the lack of biosyn-
thetic capacity of these cells. Glucose-6-phos-
phate dehydrogenase and acetyl cholinesterase



are not affected by the treatment mentioned
(106, 107).

Is it necessary to change ail activities involved
in a metabolic path ro produce an mereased out-
put of the metabolic flux?

The functioning of a group of enzymes linked
in a metabolic path defines the steady-state con-
centration of the metabolites being converted.
It has been repeatedly said that enzyme activi-
ties, by and large, arc in excess in relation to
the existing concentrations of substrates, that
is 10 say, substrate concentrations are usually
well below the K,, values of the enzymes trans-
forming them (720). It would appear, then,
that the enzyme machinery is apt to cope with
loads of mctabolites several times the concentra-
tion found in the steady-state condition. In other
wards, the rate of conversion of metabolites in
‘'a metabolic path can be increased just by increas-
ing the concentration of substrates, However,
the rate would also be increased by elevating the
enzyme activities whether or not these are far
from heing saturated. The fact remains that
the latter type of response seems to be wide-
spread, and thus it appears that higher orga-
nisms favor handling their metabolites in a con-
dition of “excess” of enzymes.

Siebert, Pfaender, and Kesselring (120) fol-
lowed a kinetic approach to relate enzyme rates
to the flow of metabolites in metabolic paths.
They reasoned that the extrapolation of the rates
of enzymes competing for a common substrate,
as determined in witro, would allow defining
the rates and flows of metabolites in branching
points of metabolic sequences. Their approach
took into consideration the expected velocity
corresponding to the sizes of the metabolic pools,
the K, of cach enzyme, and its intracellular
location. 'They fully recognized that the predic-
tions that can be made necessarily introduced
many assumptions and met almost insurmount-
able difficalties. Indeed, as previously stated, in
pitro assays cannot deal with factors inherent
ta the cell organization which undoubtedly in-
fluences enzyme activities. Among such factors
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should be mentioned compartmentalization of
substrates, supramacromolecular structure, chan-
neling, and others already considered, such as the
effective substrate, metabolic effectors and hydro-
gen ion concentrations, that is to say, their con-
centration in the immediate surroundings of
the functional sites at the enzyme surface. To
illustrate the point being discussed it may be
recalled that axolotl liver arginase is very un-
stable when the tissue is homogenized, therefore
a system contzining citrulline, aspartate, adeno-
sine triphosphate (ATP), Mg*, and liver ho-
mogenate accumulates arginine, and no urea i
formed if the homogenate is preincubated. How-
ever in the presence of Mn* and some other
divalent cations, arginase is greatly preserved
and urea is produced. Moreover, if the flow of
conversion of citrulline to urea is allowed, at
least some arginase keeps functioning, since urea
is efficiently produced (8).

Another example of the importance of cell
organization is the metabolic fate of the guani-
dino group of arginine in higher vertebrates.
Figure 3 illustrates the situation, The amidino
group 15 transferred and the same C-N bond is
split during the catalytic action of the two en-
zymes. When arginasc intervenes, water is the
acceptor molecule and urea is formed; when
glycine transamidinase participates, glycine is
the acceptor molecule, and glycocyamine is pro-
duced. In both cases ornithine is the product of
the reaction. Although in many species the two
enzymes are present in different organs, human
liver contains both. In a free competition of the
two enzymes by the common substrate arginine,
glycine transamidinase would be at great dis-
advantage because of the high argmase activity
and the fact that ornithine is an inhibitor of the
former. Therefore, the only possibility for their
coexistence and functioning is compartmentaliza-
tion so the competition cannot take place.

That changes in enzyme activities really
determine the metabolic flux can be substanti-
ated by the variations in key enzymes involved
in the conversion of glucose to pyruvate and
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Fate of the guanidino group of arginine:
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(1) denotes the aclivity of

arginase; {2) denotes the activity of glycine transamidinase,

vice wersa. Glucokinase, phosphofructokinase,
and pyruvic kinase activities push the flow in
the direction of glycolysis whereas pyruvic car-
boxylase, phosphoenol pyruvic carboxylase, frue-
tose-1-6-diphosphatase, and glucose-6- phospha—
tase determine gluconeogenesis.

The glycolytic flux is regulated through the
activity of three enzymes, the gluconeogenic
flux by means of the activity of four enzymes.
There are other enzymes (hexose isomerase,
aldolase, triose isomerase, glyceraldehyde-3-phos-
phate dehydrogenase, phosphoglycerate kinase,
phosphoglyceromutase, and enolase) that do not
change the direction of the flux in either way
and usually are not affected by dietary or hor-
monal influences that favor glycolysis or gluco-
neogenesis.

However, in many other cases all enzymes
involved in the metabolic path change under the
influence of metabolic disturbances that claim a
greater output of the metabolic flux. Such is
the case with the urea cycle enzymes when the
animal is fasted or fed with a high-protein diet.
Therefore, the question that immediately arises
is whether the change in all enzymes was nec-
essary or would it have sufficed to change the
activity of one of them to achieve the same in-
crease in urea production.
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To gain insight into this problem, it is perti-
nent to recall the activities of the enzymes in-
volved in the livers of different ureotelic species
(Table 2).

It can be readily seen that while the activities
of carbamyl phosphate synthetase, arginino suc-
cinic synthetase, and arginino succinase are low,
those of ornithine transcarbamylase and argi-
nase are rather high. Moreover, it has been
repeatedly stated that arginino succinic synthe-
tase, having the lowest activity, constitutes the
pacemaker of the urea biosynthesis path. What
is the meaning of this statement? Again, it is
difficult to predict from sz wizre enzyme assays
how the enzyme acts when it is a part of a
highly organized metabolic machinery. The fact
remains that the advent of ureotelism may cor-
respond to an augmentation of all urea cycle
enzymes (metamorphosis of the tadpole), to
an increase in carbamyl phosphate synthetase
{Xenopus lagvis in hypertonic medium or dur-
ing estivation), to an increase in arginino suc-
cinic synthetase (birth of the rat), to an elevated
ratio of glutamic oxaloacetic transaminase to glu-
tamnic pyruvic transaminase (estivation of the
lung fish), or it may even occur without any
apparent change in the enzyme activities (meta-
morphosis of the Mexican axolotl) (Table 3),



Table 2

Activities of the enzymes in the livers of ureotelic species

Carbamyl Ornithine Arginine-
Common Binominal phosphate trans- synthetase Arginase
name name synthetase carbamylase system
Rat Rattus norvegicus 260 18000 72-0 56400
275 21600 78-0 50400
247 18000 72-0 46800
Mouse (Ajax Mus muscedus 180 14500 66-0 79000
DEBA strain) 180 14500 67-0 76800
165 13000 60-0 68500
Frog Rana montezumae 2325 18000 90-0 80000
237 18000 90-0 96000
211 9450 420 51000
211 4450 42-0 51000
Semi-aquatic Preudemys scriptae 140 7570 46-0 45600
turtle 144 8100 430 60000
120 7500 43-0 55000
95 6500 40-0 50000
Semi-aquatic Kinosternon hirtipes 133 8900 45-0 37800
turtle 128 6850 350 38000
139 8750 — —
124 7500 — —
202 20200 90 57600
From Mora et al. (76).
Table 3
Enzyme activities
System Obscrvations Reference

Earthworm during fasting

Metamorphosis of Tadpole
of Rana catesbeiana

Xenopus laevis during
estivation

Xenopus laevis in hypertonic
medinm

Metamorphasis of the
Mexican axolotl

Lung fish during estivation

Birth of the rat

Increase of incorporation of HCO—, into wrea, In-
crease 2—4 fold in activity of the enzymes of the cycle,
Natural and induced by thyroid hormones. Increase
8-30 fold in activity of the enzymes of the cycle; de
rova synthesis demonstrated for CPS 2

Increase 6-fold in activity of CPS. Reversible,

Increase 5-fuld in activity of CPS. Reversible.

Tnduced by thyroid hormones. No increment in en-
zymes of the cycle. )

Coupling of Arginase? Decrease in NH, diffusion?
Synthesis of urea from HCO—,. Decrease in NH,
excretion. Increase 10-fold in the ratio GOT/GPT b
Increase in the enzymes of the cycle, especially of
arginino succinate synthetase. Depends on hormonal
cantrol,

Rishop and Campbell (7)

Cohen (22)

Balinsky ez al. (4)
Janssens and Cohen (41)

Saberdn et al. (78)

Janssens and Cohen {41)

Raiha and Suihkonen (69)

a CPS (carbamyl phosphate synthetase)
b GOT (glutamic oxaloacetic transaminase) /GPT {glutamic pyruvic transaminase)

From Scberdn ez al. {125).
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(125}, This situation suggests that the possibili-
ties for the regulation of the enzyme cycle are
rather versatile and different biological systems
may utilize one or another. Furthcrmore, the
metabolic flux can be directed by a change in
just one of the enzymes of the metabolic path.

However, all urea cycle enzymes vary in rela-
tion to the protein content of the diet. In addi-
tion, a good correlation has been found between
arginase activity and urea excreted (154).

Does this mean that the increase of arginase
activity is required to augment the output of
the cycle? Let us review some facts relevant to
the physiological role of arginase. A high ac-
tivity is found in the liver of ureotelic animals
which has led to the conclusion that there is
an excess of arginase, When labeled citrulline
is administered to a rat, kidney protein arginine
becomes labeled, but net liver protein arginine;
however, if labeled arginine is administered, it
is incorporated into liver proteins (98). In this
respect it should be recalled that the K, of
arginase and the arginyl RNA synthetase are
of different orders of magnitude, 10°M (37)
and 10-*M (1), respectively. It has recently been
demaonstrated that liver arginase hydrolyzes pref-
crentially endogenous arginine, the one origi-
nating from citrulline and aspartic acid over
that artificially generated by the hydrolysis of
hippuryll-larginine (83). This evidence, to-
gether with the low concentration of arginine
found in the liver of ureotelic animals, has led
us to postulate that arginase is physically inte.
grated with the arginine forming sites (I125).
Because it is possible to diminish the arginase
activity to 2 per cent of the original, and still
arginine is converted efficiently to urea, it is
likely that not all arginase molecules present in
liver tissue are integrated with the arginine
forming sites. A logical inference is that an
increase in the arginase molecule would not be
required for a greater output of urea. There-
fore, we may reach the conclusion that the
change in arginase activity is rather a conse-
quence of the action of a regulatory mechanism
that affects all urea cycle enzymes.
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Is there a direct relation between enzyme activi
ties and output of the corresponding metabolic
path?

It has been said before that even though the
enzyme activities are in excess in relation to the
substrate concentrations, an increase in €nzyme
activity will produce an augmentation of the
metabolic flux where they participate. There is
an increased rate of conversion of C* uracil to
radioactive CQ, observed in 2 mutant of mice
characterized by the elevated activity of three
enzymes involved in pyrimidine metabolism
(16). There is an increased lipogenesis and
glycogen deposition in conditions where the
activities of the enzymes participating in those
processes are elevated (I158). The same may
be inferred from the work of Wergedal, Ku,
and Harper (I54), who found an clevated
toxicity of amino acids administered to rats
previously fed a high-protein diet for several
days. The animals also had an elevated am-
monia concentration in the blood. These fnd-
ings were Iinterpreted as indicative of an
avgmented amino acid catabolism in due corres-
pondence to an elevated activity of the interven.
ing enzymes as assayed iz vizre, which supported
the concept that these increased activities repre-
sent an adaptive response of physiological sig-
nificance iz wivo.

The relation between increased enzyme ac-
tivity and function is not as clear in other cases.
The administration of vr-methyl tryptophan,
which increased the activity of tryptophan pyrral-
ase produced a higher conversion of 2C* 1.
tryptophan (ring-labeled) to radioactive CO,
(71, 166). However, the administration of
cortisone that also elevates the same enzyme
activity did not produce augmentation in the
conversion of labeled side<hain tryptophan to
radivactive COy in the perfused rat liver (52).
In the latter study, greater velocity of conversion
of labeled tyrosine to radioactive CO,, in spite
of the fact that the hormone administration
causes an elevation of tyrosine transaminase
activity, was also not observed (52). By the
same token there is evidence that glycogen depo-



sition is not related to the increased activity of
gluconeogenic enzymes (96).

The converse situation, namely, the effect on
the output of a metabolic path when the inter-
vening cnzymes have a diminished activity also
deserves great attention. To gain insight into
the problem posed, a study was made on the
capacity of the urea cycle enzymes to clear in
vivo an ammonia load under various experi-
mental conditions, First of all, it was necessary
to determine the distribution of the ammonia
load in the normal rat (99). It was found that
the following sequence of cvents seemed to be

operative: initially, the ammonia was rapidly
removed from the circulation by muscle uptake,
then glutamine synthesis took place, mainly in
liver and brain, and finally, urea synthesis took
over utilizing the ammonia gradually released
from muscle, and from the enzymatic hydrolysis
of glutamine. The results obtained are in ac-
cordance with the findings of Duda and Handler
(20), who followed the metabolic fate of N
ammonia administered to the rat, The urea
cycle enzymes, and glutamine synthetase, and
glutamic dehydrogenase that were also studied,
were decreased by dietary means (protein-free
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Figure 4. The left side illustrates the ammenia uptake in animals storved for four
days (), fed a proteinfree diet (D), and fed a diet that cantained only zein as a
source of protein (®). At zero time, 500 gmoles of ammonivm chloride were admin.
istered by injection into the porta. At the indicated fimes ofter injection, bloed was
removed from a hepatic vein for ammonia determination, Vertical bors represant
standard error of the mean. The broken line indicates uptoke of ammonia by the
nermal animal, The right side illustrates the enzyme activities in the liver of rats
starved for four days {(vpper), fed with a proteinfree diet (middle), and fed with o
diet that contains zein as a sourte of protein (lower). The activities of the enzymes
studied represent relative values compared to the activitios found in the normal
animal {taken as 100 per cend, and indicated by the grass horizental line), The
results are expressed as total activity (units for fotal liver). One unit of enzyme is
defined as the amount of enzyme that converts one micromole of substrate in one
minute wnder the conditions of each assay. Broken lines indicate values that would
be expected if the livers had the same weight as the normal ones. Vertical bars
represent standard error of the mean carbamyl phosphate synthetose {CPS); ornithine
transcarhamylase (OTC); arginine synthetase [AS); arginase (ARG); glutamic dehydro-
genase (GDH); glutomine synthetase (GS), From Flores et al. (30).
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diet or zein-containing diet}, by surgical re-
moval of the liver and by the administration of
CCl.. It was found that only the rats treated
with the hepatotoxic agent were hyperammo-
nemic to begin with. The rats fed with deficient
diets or partially hepatectomized, although show.
ing an impaired capacity to clear the ammonia
load in comparison to the normal controls, still
retained enough capacity to return the blood
ammonia concentration to near normal values in
about 20 minutes. The rats treated with CCl,
had the laowest enzyme activities and could not
clear the ammonia load (Figures 4, 5, and 6).

Interestingly enough, anoxic animals failed
completely to clear the ammonia load, which
could be explained by a drop of 90 per cent in
the ATP liver content. These results suggest
that a diminished enzyme activity conld still
suffice to cope with the main physiological task
of the path where they intervene—ammonia de-
toxification in the case presented—and that only
when metabolic disturbances impose more stress-
ing conditions upon them does the diminished
capacity become apparent. The following facts
support this concept. It is possible to decrease

the activity of glucose-f-phosphatase even to
20 per cent of the normal value without any
impairment of its main function, namely, the
maintenance of glycemia (144, 148, 149). Xan-
thine oxidase can reach very low values by the
feeding of protein-dehcient diets without any
diminution in the excretion of allantoin and
uric acid (155). Even though the feeding of
a cocked dried egg to BHE rats caused a de-
crease in hepatic glucose-6-phosphate dehydro-
genase, the CO; production from the first car-
bon of glucose was augmented. With respect
to the last, the suggestion was made that the
enzyme of other organs of the intact animal
might be responsible for the discrepancy (I4).

In conclusion, the changes in enzyme activi-
ties provoked by dietary means constitute one
aspect of the very complex problem of metabolic
regulation in higher organisms—a field that is
beginning to be understood and awaits impor-
tant contributions in the years to come. With
respect to the physiological significance of such
changes, the data now available permits specu-
lation more than anything else,
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and chronically ) intoxicoted with CCl. The right side represents the enzyme
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